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MENU Official Classification. 

Protease Protease is the common name for enzymes that catalyze the cleavage of peptide 
types bonds. More formally known as peptidases (short for peptide bond hydrolases), the 

Enzyme Commision gives them numbers in the 3.4.X.X range. For more details of 
Classification their classification according to Enzyme Commision rules you can go to the Barrett 

& Rawling s list. This will give you a frequently updated list of hundreds of 
Substrates proteases with embedded links to their relative data bank entries. 

Specificity The key to the official classification is to consider that each protease is divided into 
a group according to the chemical mechanism it uses to achieve peptide bond 
cleavage. 



CATALYTIC 
CLASS 


MECHANISM 


COMMON EXAMPLES 


Serine 


Covalent attack of polarized 
serine side-chain 


Trypsin, tPA, subtilisin, CPD- 
Y, granzymes, HSV PR 


Cysteine 


Covalent attack of polarized 
cysteine side-chain 


Papain, caspases, calpain, 
cathepsin B, Polio 3C PR, 
DPP1 


Threonine 


Covalent attack of polarized 
threonine side-chain 


Proteasome 


Metallo 


Water molecule attack polarized 
by enzyme coordinated Zn 


Thermolysin, MMPs, TACE, 
CPA, TOP 


Aspartic 


Water molecule attack polarized 
by enzyme aspartic side-chains 


Pepsin, cathepsin D, HIV PR 


Unknown 


Huh? 


Prohead endopeptidase 
(phage T4) 
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9. 1 . Proteases: Facilitating a Difficult Reaction 

Protein turnover is an important process in living systems ( Chapter 231 Proteins that have served their 
purpose must be degraded so that their constituent amino acids can be recycled for the synthesis of new 
proteins. Proteins ingested in the diet must be broken down into small peptides and amino acids for 
absorption in the gut. Furthermore, as described in detail in Chapter 10. proteolytic reactions are 
important in regulating the activity of certain enzymes and other proteins. 



Proteases cleave proteins by a hydrolysis reaction- 
bond: 



-the addition of a molecule of water to a peptide 



^\ N / Rt + H 2 0 -5=* R 



+ Rj 



-NH 3 



Although the hydrolysis of peptide bonds is thermodynamically favored, such hydrolysis reactions are 
extremely slow. In the absence of a catalyst, the half-life for the hydrolysis of a typical peptide at 
neutral pH is estimated to be between 10 and 1000 years. Yet, peptide bonds must be hydrolyzed within 
milliseconds in some biochemical processes. 

The chemical bonding in peptide bonds is responsible for their kinetic stability. Specifically, the 
resonance structure that accounts for the planarity of a peptide bond ( Section 3,2.2) also makes such 
bonds resistant to hydrolysis. This resonance structure endows the peptide bond with partial double- 
bond character: 



O Or 
R^N^ 2 — R^ 



St* 



The carbon-nitrogen bond is strengthened by its double-bond character, and the carbonyl carbon atom 
is less electrophilic and less susceptible to nucleophilic attack than are the carbonyl carbon atoms in 
compounds such as carboxylate esters. Consequently, to promote peptide-bond cleavage, an enzyme 
must facilitate nucleophilic attack at a normally unreactive carbonyl group. 

9.1.1. Chymotrypsin Possesses a Highly Reactive Serine Residue 

A number of proteolytic enzymes participate in the breakdown of proteins in the digestive systems of 
mammals and other organisms. One such enzyme, chymotrypsin, cleaves peptide bonds selectively on 
the carboxylterminal side of the large hydrophobic amino acids such as tryptophan, tyrosine, 
phenylalanine, and methionine (Figure 9.11 , Chymotrypsin is a good example of the use of covalent 
modification as a catalytic strategy. The enzyme employs a powerful nucleophile to attack the 
unreactive carbonyl group of the substrate. This nucleophile becomes covalently attached to the 
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9.1.5. The Catalytic Triad Has Been Dissected by Site-Directed 
Mutagenesis 

g^pTitt pSie tonthf th bti,isi " inC,ude f s ? side - chai " NH group in addition to backbone NH 
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^^Z^* MetaHoproteases ArC ° ther ^ basses 

Not all proteases utilize strategies based on activated serine residues 
apo r s(SMi^ 

The second class comprises the aspartyl proteases. The central feature of the active sites is a pair of 
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aspartic acid residues that act together to allow a water molecule to attack the peptide bond. One 
aspartic acid residue (in its deprotonated form) activates the attacking water molecule by poising it for 
deprotonation, whereas the other aspartic acid residue (in its protonated form) polarizes the peptide 
carbonyl, increasing its susceptibility to attack (see Figure 9.18V Members of this class include renin, 
an enzyme having a role in the regulation of blood pressure, and the digestive enzyme pepsin. These ' 
proteins possess approximate twofold symmetry, suggesting that the two halves are evolutionarily 
related. A likely scenario is that two copies of a gene for the ancestral enzyme fused to form a single 
gene that encoded a single-chain enzyme. Each copy of the gene would have contributed an aspartate 
residue to the active site. The human immunodeficiency virus (HIV) and other retroviruses contain an 
unfused dimeric aspartyl protease that is similar to the fused protein, but the individual chains are not 
joined to make a single chain ( Figure 9.19 ). This observation is consistent with the idea that the enzyme 
may have originally existed as separate subunits. 

The metalloproteases constitute the final major class of peptide-cleaving enzymes. The active site of 
such a protein contains a bound metal ion, almost always zinc, that activates a water molecule to act as 
a nucleophile to attack the peptide carbonyl group. The bacterial enzyme thermolysin and the digestive 
enzyme carboxypeptidase A are classic examples of the zinc proteases. Thermolysin, but not 
carboxypeptidase A, is a member of a large and diverse family of homologous zinc proteases that 
includes the matrix metalloproteases, enzymes that catalyze the reactions in tissue remodeling and 
degradation. fc 

In each of these three classes of enzymes, the active site includes features that allow for the activation 
of water or another nucleophile as well as for the polarization of the peptide carbonyl group and 
subsequent stabilization of a tetrahedral intermediate (see Figure 9.18 ). 4* top 

9.1.7. Protease Inhibitors Are Important Drugs 

P$^? Compounds that block or modulate the activities of proteases can have dramatic biological 
\&>V effects. Most natural protease inhibitors are similar in structure to the peptide substrates of the 

enzyme that each inhibits ( Section 10.5.4) . Several important drugs are protease inhibitors. For 
example, captopril, an inhibitor of the metailoprotease angiotensin-converting enzyme (ACE), has been 
used to regulate blood pressure. Crixivan, an inhibitor of the HIV protease, is used in the treatment of 
AIDS. This protease cleaves multidomain viral proteins into their active forms; blocking this process 
completely prevents the virus from being infectious (see Figure 9.19 ). To prevent unwanted side 
effects, protease inhibitors used as drugs must be specific for one enzyme without inhibiting other 
proteins within the body. 

Let us examine the interaction of Crixivan with HIV protease in more detail. Crixivan is constructed 
around an alcohol that mimics the tetrahedral intermediate; other groups are present to bind into the S 2 , 

Si, S] , and S 2 recognition sites on the enzyme ( Figure 9.20) . The results of x-ray crystallographic 
studies revealed the structure of the enzyme-Crixivan complex, showing that Crixivan adopts a 
conformation that approximates the twofold symmetry of the enzyme ( Figure 9.21 ). The active site of 
HIV protease -is covered by two apparently flexible flaps that fold down on top of the bound inhibitor. 
The hydroxy! group of the central alcohol interacts with two aspartate residues of the active site, one in 
each subunit. In addition, two carbonyl groups of the inhibitor are hydrogen bonded to a water molecule 
(not shown), which, in turn, is hydrogen bonded to a peptide NH group in each of the flaps. This 
interaction of the inhibitor with water and the enzyme is not possible with cellular aspartyl proteases 
such as renin and thus may contribute to the specificity of Crixivan and other inhibitors for HIV 
protease. ♦ TOp 
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Abstract Microbial alkaline proteases dominate the 
worldwide enzyme market, accounting for a two-thirds 
share of the detergent industry. Although protease 
production is an inherent property of all organisms, only 
those microbes that produce a substantial amount of 
extracellular protease have been exploited commercially. 
Of these, strains of Bacillus sp. dominate the industrial 
sector. To develop an efficient enzyme-based process for 
the industry, prior knowledge of various fermentation 
parameters, purification strategies and properties of the 
biocatalyst is of utmost importance. Besides these, the 
method of measurement of proteolytic potential, the 
selection of the substrate and the assay protocol depends 
upon the ultimate industrial application. A large array of 
assay protocols are available in the literature; however, 
with the predominance of molecular approaches for the 
generation of better biocatalysts, the search for newer 
substrates and assay protocols that can be conducted at 
micro/nano-scale are becoming important. Fermentation 
of proteases is regulated by varying the C/N ratio and can 
be scaled-up using fed-batch, continuous or chemostat 
approaches by prolonging the stationary phase of the 
culture. The conventional purification strategy employed, 
involving e.g., concentration, chromatographic steps, or 
aqueous two-phase systems, depends on the properties of 
the protease in question. Alkaline proteases useful for 
detergent applications are mostly active in the pH range 
8-12 and at temperatures between 50 and 70°C, with a 
few exceptions of extreme pH optima up to pH 13 and 
activity at temperatures up to 80-90°C. Alkaline proteas- 
es mostly have their isoelectric points near to their pH 
optimum in the range of 8-11. Several industrially 
important proteases have been subjected to crystallization 
to extensively study their molecular homology and three- 
dimensional structures. 
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Introduction 

Microorganisms represent an attractive source of proteas- 
es as they can be cultured in large quantities in a 
relatively short time by established fermentation methods, 
and they produce an abundant, regular supply of the 
desired product. Furthermore, microbial proteins have a 
longer shelf life and can be stored under less than ideal 
conditions for weeks without significant loss of activity. 
In general, microbial proteases are extracellular in nature 
and are directly secreted into the fermentation broth by 
the producer, thus simplifying downstream processing of 
the enzyme as compared to proteases obtained from plants 
and animals. Despite the long list of protease-producing 
microorganisms, only a few are considered as appropriate 
producers for commercial exploitation, being 'generally 
regarded as safe' (GRAS), non-toxic and non-pathogenic. 
A large number of microbes belonging to bacteria, fungi, 
yeast and actinomycetes are known to produce alkaline 
proteases of the serine type (Kumar and Takagi 1999). 

Bacteria are the most dominant group of alkaline 
protease producers with the genus Bacillus being the most 
prominent source. A myriad of Bacillus species from 
many different exotic environments have been explored 
and exploited for alkaline protease production but most 
potential alkaline protease producing bacilli are strains of 
B. licheniformis, B. subtilis, B amyloliquifaciens, and B, 
mojavensis (Gupta et al. 2002; Kalisz 1988; Kumar and 
Takagi 1999; Rao et al. 1998). Another bacterial source 
known as a potential producer is Pseudomonas sp. 
(Bayoudh et al. 2000; Ogino et al. 1999). Among 
actinomycetes, strains of Streptomyces are the preferred 
source (Petinate et al. 1999). In fungi, Aspergilli 
(Chakrabarti et al. 2000; Rajamani and Hilda 1987) is 
the most exploited group, and Conidiobolus sp. (Bhosale 
et al. 1995), and Rhizopus sp. (Banerjee and Bhat- 
tacharyya 1993) also produce alkaline protease. Among 
yeasts, Candida sp. has been studied in detail as a 
potential alkaline protease producer (Poza et al. 2001). 
Despite this interest in other sources, survey of the 
literature conclusively shows that Bacillus sp. are by far 
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Table 1 Protease assay methods: an overview. DNHB 3,5 Dinitro-hydroxy benzene, FITC fluorescein isothiocyanate, FTC fluorescein 
thiocarbamoyl, EUSA enzyme-linked immunosorbent assay, BSA bovine serum albumin 



Qualitative assays 



Assay 


Substrates 


Reaction involved 


Protein agar plate assay 


Skim milk, casein, gelatin, 


Enzymatic hydrolysis of substrate creating 




BSA, keratin 


of clearance in culture 


Radial diffusion assay 


Skim milk, casein, gelatin, 


Enzymatic hydrolysis of substrate creating 




BSA, keratin 


of clearance in culture supernatant 


Thin layer enzyme assay 


Skim milk, casein, gelatin, 


Enzymatic hydrolysis of substrate creating 




DJA, UGlallil, 1 lUlillUUCM, 


f\f c*l pciri nr*& in nivAth 
UI CiCoJaJILC 111 UJUUl 




egg-albumin, mucin, 






immunoglobulin G 




Quantitative Assays 






Substrate 


Wavelength 


Reference 


Spectrophotometric assays 






Cntpin 


700 nm 

f \J\J 111 [I 


MrDnnaM anrt Chen IQfiS 




670 nm 


Morihara et al. 1967 




500 nm 


Chu et al. 1992 




660 nm 


Meyers and Ahearn 1977 




750 nm 


Ogrydziak et al. 1977 


Hammerstein casein 


660 nm 


Barthomeuf et al. 1989 




275 nm 


Lee et al. 1998 


DNHB casein 


366 nm 


Gallegos et al. 1996 


Immobilized ostazin blue S-2G dyed-casein 


620 nm 


Safarik 1988a 


Thermally modified casein complexed with 


400 nm 


Safarik 1989 


black drawing ink 






Azocasein 


440 nm 


Jones et al. 1988 




340 nm 


Gibb et al. 1989 




420 nm 


Steele et al. 1992 




480 nm 


Hanlon and Hodges 1981 


Thermally modified azocasein 


366-400 nm 


Safarik 1987c 


Azoalbumin 


440 nm 


Hanlon et al. 1982 


/^-Crystalline aggregate 


405 nm 


Cowan and Daniel 1996 


Thermally modified gelatin complexed with 


490, 570 nm 


Safarik 1987a 


congo red or nigrosin 








sory-ono nm 

o\j\j y\i\j inn 


"snfarik 1QRQ 


gluteraldehyde mediated) gelatin complexed 






with black drawing ink 






Tripeptide substrate 


400 nm 


Gray et al. 1985 


Fluorescent oligopeptide energy transfer assay 






Dansylated hexapeptide 


310-410 nm 


Ng and Auld 1989 


ELISArbased protease assay 






Biotinylated BSA 


405 nm 


Bedouet et al. 1998; Koritsas and Atkinson 


Magnet-based protease assay 






Magnet dye stained gelatin 


605 nm 


Safarikova and Safarik 1999 


Fluorescence-based protease assay 






FITC casein, FTC hemoglobin 


575 nm with excitation at 


Twining 1984 




490 nm 



the most popular source of commercial alkaline proteases 
to date, with Novozymes, Denmark being the most 
established manufacturer worldwide. We have previously 
discussed molecular approaches for discovering novel 
proteases and their industrial applications (Gupta et al. 
2002). In' this review, we discuss some aspects of the 
various assay protocols presently available for estimating 
protease activities, and present an overview on fermen- 



tation, downstream processing and properties of microbial 
alkaline proteases. 



Protease assays 

Proteolytic activity can be measured by either qualitative 
or quantitative methods. The basic principle underlying 
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Table 2 Some examples of definitions of protease units from the literature 



Definition 



Reference 



Protease unit: amount of enzyme liberating 1 umol tyrosine/min under defined conditions 

Protease unit: one enzyme unit is defined as the amount of enzyme required to increase /hso by 0.02 

Proteolytic unit: amount of enzyme required to solubilize 1 ug casein/h 

Proteolytic unit: amount of enzyme liberating 1 ug tyrosine/min under defined conditions 

Proteolytic unit: defined as the amount of enzyme causing an increase in A^so „ m of 0. 1 after 1 h 

Proteolytic unit: the amount of enzyme required to produce an absorbance change of 1.0 in a 1 cm cuvette 

Proteolytic unit: the amount of enzyme required to solubilize 1 ug casein/h. Relative proteolytic 
unit defined as the proteolytic activity U/ml culture supernatant or U/mg cellular protein 

Proteolytic unit: the amount of enzyme resulting in an increase of 1 .0 absorbance unit/ml reaction mixture 
at 37°C 

Proteolytic unit: one unit defined as activity required to increase Ay® nm by 0.001/min 

Alkaline Delft unit (ADU): an arbitrary unit defined as follows: if 1 ml of a 2% enzyme solution gives a 
AOD of 0.4, then the enzyme preparation has a protease activity of 1 ,000 ADU/g 

Katal unit: one katal unit of the alkaline protease is defined as the amount of enzyme that yields the color 
equivalent to 1 mol tyrosine s~ l with Folin-Ciocalteau phenol reagent, with casein as substrate at pH 10 
and 30°C, according to the enzyme nomenclature recommended by IUB 

Detergent alkaline protease unit (DAPU): the activity liberating 4 nmol tyrosine/min under the assay 
conditions 

Azocasein unit: AOD 4 2o nm /h of 1.00 with azocasein as the substrate 

Azocasein digestion unit: amount of enzyme required to cause an increase of O.OOIA340 U/min under 
the reaction conditions using azocasein as the substrate 

Hammerstein caseinolytic unit: defined as the amount of enzyme liberating 1 ug tyrosine equivalent/min 
under specified test conditions 

Anson unit: amount of enzyme that produces absorbance equivalent to 1 mmol tyrosine 
from casein/ 10 min under the reaction conditions 

Anson unit: 1 U protease activity defined as the amount of enzyme digesting hemoglobin under standard 
conditions at an initial rate such that there is liberated/min an amount of split products, not precipitated 
by TCA, that gives the same color as with the Folin Ciocalteau's phenol reagent with I mol equivalent 
of tyrosine 



Meyers and Ahearn 1977 

Sharma et al. 1 996 

Griswold .et al. 1999 

Hameed et al. 1999 

Ogrydziak and Scharf 
1982 

Mclntyre et al. 2000 
Griswold et al. 1999 

Kunitz 1947 

Gibb et al. 1989 
Durham et al. 1987 

Tsuchida et al. 1986 

Moon and Parulekar 
1993 

Janssen et al. 1994 
Morita et al. 1998 

Lee et al. 1998 

Chu et al. 1992 

Anson 1938 



both types of method involves measurement of either the 
products of protein hydrolysis or of residual protein itself. 
The methods available for detection and assay of 
proteolytic activity vary in their simplicity, rapidity, 
range of detection and sensitivity. Table 1 compares 
various assays used for protease estimation and Table 2 
provides a comprehensive list of commonly existing 
definitions of protease units. The commonly followed 
assays for the measurement of proteolytic activity are 
described below. 



Qualitative assays 

Qualitative assays rely on the formation of a clear zone of 
proteolysis on agar plates as a result of protease 
production. The most commonly used qualitative assays 
include protein agar plate assay, radial diffusion and thin- 
layer enzyme assay. 



Protein agar plate assay 

Protein agar plate assay is commonly used for the initial 
screening of proteolytic activity and, depending upon the 



need and strategy of screening, different protein sub- 
strates are selected. The most commonly used protein 
substrates for selective screening are skim milk (Rajamani 
and Hilda 1987), casein, gelatin, bovine serum albumin 
(BSA) (Vermelho et al. 1996) and keratin (Friedrich et al. 
1 999). The plate assay can also be used to distinguish the 
type of protease as neutral or alkaline by manipulating the 
buffer system (Rajamani and Hilda 1987). 



Radial (zone) diffusion assay 

Radial diffusion or zone diffusion assay (Wikstrbm et al. 
1981) is used for semi-quantitative assessment of protease 
activity. Protease is detected by observing the zone of 
hydrolysis around small wells cut in agar plates contain- 
ing the appropriate protein substrate. In another method, 
the Coomassie prestained substrate agarose gel allows 
direct assessment of protease activity (Hagen et al. 1997). 



Thin-layer enzyme assay 

Wikstrom (1983) developed a thin-layer enzyme assay 
technique. The main advantage of this assay is that it is a 
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sensitive, convenient and inexpensive method, which can 
be used to select specific microbial protease producers in 
a mixed sample. However, the major disadvantage of this 
assay is the choice of culture agar medium. It should be 
more-or-less transparent and should support both optimal 
growth and enzyme production. Secondly, a high con- 
centration of enzyme substrate in the agar gel is a must. 

Quantitative assays 

Quantification of protease activity measures the extent of 
proteolytic potential of the enzyme. The commonly used 
methods employ natural or synthetic substrates using 
techniques such as spectrophotometry, fluorimetry, ra- 
diometry and enzyme-linked immunosorbent assay-based 
assays (ELISA). 



Spectrophotometry methods 

The commonly accepted procedure for estimating the 
activity of proteases is to determine the quantity of 
peptides in acid-soluble hydrolyzed product fractions 
after proteolytic action on a protein substrate (BSA, 
casein, hammerstein casein, hemoglobin). These peptide 
residues are estimated either by absorption at 280 nra 
(direct estimation method) or using conventional Folin's 
reagent (colorimetric method). Trivedi et al. (1999) used 
calf lens refolded /3 L -crystalIin aggregate as substrate for 
protease detection and assay. This assay can be used for 
proteases active in the pH range 6-9. Chromogenic or 
insoluble chromolytic substrates are also used for spec- 
trophotometric determination of proteolytic activity in 
plants, animals and microbial samples. Both naturally 
occurring insoluble proteins, e.g., fibrin, elastin, gelatin, 
keratin, collagen, or soluble proteins rendered insoluble 
either by cross-linking with Afunctional agents (Safarik 
1987a, b, 1989) or entrapment into appropriate polymer 
matrix (Safarik 1988b), thermally modified substrates 
(Safarik 1987c, 1988a), or synthesized chromogenic 
substrates using 3,5-dinitro-salicylic acid (Gallegos et 
al. 1996) can be used. 

Hatakeyama et al. (1992) developed a photometric 
assay for proteases in which casein, with its amino groups 
chemically succinylated, was used as the substrate. The 
extent of hydrolysis of substrate was determined using 
trinitrobenzene sulfonate (TNBS). The increase in absor- 
bance due to reaction between TNBS and the newly 
formed amino groups in the substrate was determined 
using a microtiter plate reader (A^ nm ). Unlike casein, 
succinyl casein is easily dissolved at pH values greater 
than 4 and serves as the substrate of choice for acidic 
proteases. Colorimetric point assay (using TNBS) is 
tedious and cannot be used with enzymes that require 
reducing agents such as dithiothreitol. 

A chromogenic tripeptide substrate, benzyloxy car- 
bamoylglycyl-L-prolyl-L-citrulline-p-nitroanilide was 
used to assay a highly alkaline protease, HAP-PB92, 



from an alkalophilic Bacillus, by monitoring release of p- 
nitroaniline by absorbance measurement at 400 nm (Gray 
et al. 1985). The assay is sensitive and requires only a 
very short reaction time. The use of soluble chromolytic 
substrates necessitates the removal of nonhydrolyzed or 
partially hydrolyzed protein molecules from the assay 
mixture before absorbance measurement. Insoluble chro- 
molytic substrates, on the other hand, need special care to 
ensure proper and adequate substrate distribution. In view 
of the above shortcomings, Wu and Abeles (1995) 
reported the use of magnetic beads with radiolabelled 
peptides. This method may replace integration of sub- 
strate hydrolysis and separation of proteolytic products. 
Another, magnet-based, protease assay (Safarikova and 
Safarik 1999) was used for determining proteolytic 
activity using dyed magnetic gelatin as an insoluble 
chromolytic substrate. Such substrates can be used to 
develop new automated protease assays based on the 
principle of flow injection analysis. 



Fluorescent oligopeptide energy transfer assay 

In fluorescent oligopeptide energy transfer assay (Ng and 
Auld 1989), a fluorescent peptide substrate is designed to 
explore the protease specificity for the amino acids in the 
region of the cleavage site (C- and N-terminal). This 
assay is based on intramolecular quenching of indole 
fluorescence by an N-terminal dansyl group separated by 
six amino acid residues. Although this method is sensitive 
for detection and quantification of specific endoproteases, 
it is not used much because of the high cost of the assay 
components. 



Enzyme-linked immunosorbent assay 

In enzyme-linked immunosorbent assay (ELISA)-based 
assays (Bedouet et al. 1998), biotinylated-BSA was used 
as substrate in polystyrene-coated microtiter plates, and 
the absorbance was recorded at 405 nm using a microtiter 
ELISA reader. ELISA-based assay methods have the 
limitation that details of the complete three-dimensional 
structure of the test enzyme must be known before using 
an antibody against it. The inhibition ELISA (Clements et 
al. 1990) is used for detection and quantification of low 
levels (-0.24 ng/ml) of proteases. It is a very sensitive 
assay and can be used as a framework for a test system for 
quantifying proteases in dairy industries. Koritsas and 
Atkinson (1995) developed a rapid, cheap and sensitive 
method for determining the proteolytic activity of differ- 
ent classes of endoproteases. The assay is quick, repro- 
ducible, inexpensive and suitable for all classes of 
endopeptidases. In another ELISA-based method, Blair 
and McDowell (1995) used a double-antibody-sandwich 
ELISA, which can detect small quantities (up to 4 ug/ml) 
of protease from Pseudomonas fragi. 
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Fluorescence-based protease assay 

Fluorescence-based protease assays are simple, inexpen- 
sive and sensitive protease assays using soluble fluores- 
cein isothiocyanate (FITC)-labeled casein (Twining 1984) 
or FTC-hemoglobin for acid proteases and trypsin 
(DeLumen and Tappel 1970). The derivative is cleaved 
by various known proteases, viz. trypsin, chymotrypsin, 
elastase, subtilisin and thermolysin in a linear, time- 
dependent, manner. The assay can be used to detect 
nanogram and sub-nanogram levels of these enzymes 
with reproducible results. 

X-ray based method 

This method (Cheung et al. 1991) is based on utilizing 
gelatin on the surface of an unprocessed Kodak X-Omat 
AR film as a proteolytic substrate. The assay is conve- 
nient, rapid and simple. It can be used for a variety of 
proteases under a wide pH range of 5 to 8.5. The method 
is useful as a general laboratory procedure. 

Thus, a large array of assay protocols is available for 
protease estimation. However, in view of their reliability, 
ease of performance and cost effectiveness, the skim milk 
agar assay, and casein-based spectrophotometric assays 
remain the methods of choice for routine laboratory 
analysis. Additionally, tests with specific substrates can 
be used for characterizing a protease for specific and 
selective (keratinolytic, collagenase etc.) applications. 
Sophisticated methods based on ELISA, inhibition 
ELISA, fluorescence and radiolabelling can be pursued 
for very rapid and sensitive quantification of protease 
activity in microtiter-nanotiter levels and may prove 
beneficial for characterizing large numbers of clones or 
enzyme variants. This is often the case while working on 
modification or modulation of enzyme activity at the 
molecular level using strategies of directed evolution. 
Recently, with the growing acceptance of the use of 
proteases in the detergent, food, and pharmaceutical 
industries, there is an urgent need to develop highly 
sensitive and reliable assays capable of screening millions 
of mutants/variants of proteases to select the desired 
potential biocatalyst having novel selectivities and kinetic 
properties. 



Regulation of protease biosynthesis 

Protease . production is an inherent property of all 
organisms and these enzymes are generally constitutive; 
however, at times they are partially inducible (Beg et al. 
2002a; Kalisz 1988). Proteases are largely produced 
during stationary phase and thus are generally regulated 
by carbon and nitrogen stress. Different methods in 
submerged fermentations have been used to regulate 
protease synthesis with strategies combining fed-batch, 
continuous, and chemostat cultures (Gupta et al. 2002; 
Hameed et al. 1999). Such strategies can achieve high 



yields of alkaline protease in the fermentation medium 
over a longer period of incubation during prolonged 
stationary state. Further, proteases are known to be 
associated with the onset of stationary phase, which is 
marked by the transition from vegetative growth to 
sporulation stage in spore-formers. Therefore, protease 
production is often related to the sporulation stage in 
many bacilli, such as B. subtilis (O'Hara and Hageman 
1990), and B. licheniformis (Hanlon and Hodges 1981). 
On the contrary, a few reports also suggest that sporu- 
lation and protease production - although co-occurring - 
are not related, as spore-deficient strains of B. licheni- 
formis were not protease-deficient (Fleming et al. 1995). 
Our studies on polyamine-mediated regulation of growth, 
differentiation and protease production in B. licheniformis 
also suggested that the putrescirie-to-spermidine ratio also 
regulates growth and differentiation, but did not affect 
protease levels. It also established that protease produc- 
tion and sporulation are two independent events in 
stationary phase (Khan 2000). A similar observation 
was made in B. licheniformis (Bierbaum et al. 1991) by 
analysis of nucleotide pools (GTP and ATP) in the cells. 
These results strongly suggested that protease production 
is under stringent control responsive to amino acid 
deficiency and is related to the Gppp ratio in the cell. 
The transitions between different growth phases or 
different nutritional limitations were easily discerned by 
the alterations in the nucleotide pool. A marked decrease 
in the GTP content of the cells (after addition of 
mycophenolic acid in the exponential phase) increased 
protease production during stationary phase. Hence, it is 
conclusively suggested that extracellular protease pro- 
duction is a manifestation of nutrient limitation at the 
onset of stationary phase. However, final protease yield 
during this phase is also determined by the biomass 
produced during exponential phase. Therefore, medium 
manipulation is needed to maximize growth and hence 
protease yields. Alkaline proteases are generally produced 
by submerged fermentation and on a commercial scale 
this is preferred over solid-state fermentation. Optimiza- 
tion of the medium is associated with a large number of 
physiological and nutritional parameters that effect pro- 
tease production, viz. pH, temperature, incubation period 
and agitation, effect of carbon and nitrogen, and divalent 
cations. Although a large array of factors influences 
protease production, there is a complex interaction among 
these parameters that can be studied by following 
response surface methods. Examples can be referred to 
in our earlier review (Gupta et al. 2002). A comprehen- 
sive account of culture conditions for protease production 
from various microorganisms is listed in Table 3. 



Purification strategies for alkaline proteases 

A number of alkaline proteases from different sources 
have been purified and characterized and a summary of 
various purification strategies adopted for purification of 
microbial alkaline proteases is presented in Table 4. There 
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are no set rules for the purification of proteases. After 
separating, the culture from the fermentation broth by 
filtration or centrifugation, the culture supernatant is 
concentrated by means of ultrafiltration (Kang et al. 1999; 
Smacchi et al. 1999), salting out by solid ammonium 
sulfate (Kumar 2002; Hutadilok-Towatana et al. 1999), or 
solvent extraction methods using acetone (Kumar et al. 
1999; Thangam and Rajkumar 2002) and ethanol (El- 
Shanshoury.et al. 1995). In addition, other methods, such 
as use of PEG-35,000 (Larcher et al. 1996), activated 
charcoal (Aikat et al. 2001), temperature-sensitive hydro- 
gel (Han et al. 1995), heat treatment of enzyme (Rahman 
et al. 1994) and lyophilization (Manonmani and Joseph 
1993) are also used for concentration of alkaline proteas- 
es. 

To further purify the enzyme, a combination of one or 
more techniques is applied, viz. affinity chromatography 
(AC), ion exchange chromatography (IEC), hydrophobic 
interaction chromatography (HIC), and gel filtration 
chromatography. Other methods of choice, including 
aqueous two-phase systems (Sinha et al. 1996), dye ligand 
chromatography (Cowan and Daniel 1996), and foam 
fractionation (Banerjee et al. 1993), have also been 
employed on a small scale and still await commercial 
exploitation. 



Affinity chromatography 

The most common affinity adsorbents used for alkaline 
proteases are hydroxyapatite (Kobayashi et al. 1996), 
immobilized iV-benzoyloxycarbonyl phenylalanine agaro- 
se (Larcher et al. 1996), immobilized casein glutamic acid 
(Manonmani and Joseph 1993), aprotinin-agarose (Peti- 
nate et al. 1999), and casein-agarose (Hutadilok-Towata- 
na et al. 1999). Although AC is one of the most successful 
purification techniques, a major limitation is the high cost 
of enzyme supports and the labile nature of the affinity 
ligands, which lowers their use at process scale. 



Ion exchange chromatography 

Generally, alkaline proteases are positively charged and 
they are not bound to anion exchangers (Kumar and 
Takagi 1999). Therefore, cation exchangers are the 
methods, of choice. The matrices for IEC contain ioniz- 
able functional groups such as diethyl amino ethyl 
(DEAE) and carboxy methyl (CM), which get associated 
with the charged protein molecules, thereby adsorbing the 
protein to the matrices. The adsorbed protein molecule is 
eluted by a gradient change in the pH or ionic strength of 
the eluting buffer or solution. 



Hydrophobic interaction chromatography 



protein interaction by virtue of the fact that in aqueous 
solvents, hydrophobic patches on proteins preferentially 
seek out other hydrophobic surfaces. These hydrophobic 
interactions are strengthened by high salt concentrations 
and higher temperatures, and are weakened by the 
presence of detergents or miscible organic solvents. The 
extent of binding of a hydrophobic protein depends on the 
type and density of substitution of the matrix, as well as 
on the nature of buffer conditions. Hydrophobic interac- 
tions are much more variable in behavior than ion 
exchangers and, because of this, resolution is generally 
poorer than IEC. HIC has been extensively used in FPLC 
in various columns, such as Mono-Q HR 5/5 (Rattray et 
al. 1995; Smacchi et al. 1999), Econo-pac Q (Yeoman and 
Edwards 1997), and Mono S 5/10 (Yum et al. 1994). The 
most commonly used hydrophobic adsorbents are octyl- 
(Cg-) and phenyl-substituted matrices. 



Affinity precipitation 

Affinity precipitation is a function of a soluble macro- 
molecule (ligand polymer and macroligand) that has two 
functions: (1) it contains an affinity ligand (preferably 
more, polyvalent macromolecule), and (2) it can be 
precipitated in many ways, i.e., by change in pH, 
temperature or ionic strength. With this technique, the 
ligand polymer is added to the enzyme solution under 
conditions favoring binding of the protein of interest. The 
ligand polymer is then precipitated, and the supernatant is 
removed. The protein of interest is then eluted from the 
polymer under suitable conditions, and the polymer can 
be recycled. An alkaline protease (Maxatase from B. 
licheniformis), used as a washing powder additive, has 
been purified by affinity precipitation (Pecs et al. 1991). 

In addition to the above chromatographic techniques, 
gel filtration is used for rapid separation of macro- 
molecules based on size. Recently, many new agarose- 
based and more rigid and cross-linked gels, such as 
Sephacryl, Superose, Superdex and Toyopearl are also 
being used for purification purposes. They are generally 
used either in the early-to-middle stage of purification 
(Chakrabarti et al. 2000) or in the final stages of 
purification (El-Shanshoury et al. 1995; Lee et al. 
1996). Major disadvantages of this method are the lower 
capacity for loading proteins and that the desired protein 
gets too diluted. 



Properties of alkaline proteases 

Alkaline proteases from several microorganisms have 
been studied extensively and, based on their properties, 
used in various industries. The important properties are 
summarized in Table 5. However, a brief account of 
individual properties is presented in the following section. 



HIC exploits the variability of external hydrophobic 
amino acid residues on different proteins, leading to 
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pH and temperature kinetics 

In general, all currently used detergent-compatible pro- 
teases are alkaline and thermostable in nature with a high 
pH optimum - the pH of laundry detergents is generally 
in the range of 8 to 12 - and have varying thermostabil- 
ities at laundry temperatures (50-70°C). Therefore, most 
of the commercially available subtilisin-type proteases are 
also active in the pH and temperature ranges 8-12 and 
50-70°C, respectively (Table 5). In addition, a recent 
trend in the detergent industry is a requirement for 
alkaline protease active at low washing temperatures; for 
example, Kannase - marketed by Novozymes - is active 
even at temperatures as low as 10-20°C. 



Effect of stabilizers/additives and metal ions 

Some of the major commercial uses of alkaline proteases 
necessitate high temperatures, thus improving the thermal 
stability of the enzyme is distinctly advantageous. Ther- 
mostability can be enhanced either by adding certain 
stabilizers (PEG, polyhydric alcohols, starch) to the 
reaction mixture or by manipulating the tertiary structure 
of enzyme by protein engineering. A thermostabilization 
effect of up to a 2-fold increase in the half-life of 
Cucurbita ficifolia protease at 65°C has been reported by 
using polyhydric alcohols, PEG and casein (Gonzalez et 
al. 1992). The ion Ca 2+ is also known to play a major role 
in enzyme stabilization by increasing the activity and 
thermal stability of alkaline protease at higher tempera- 
tures (Kumar 2002; Lee et al. 1996). Other metal ions 
such as Ba 2+ , Mn 2+ , Mg 2+ , Co 2+ , Fe 3+ and Zn 2+ are also 
used for stabilizing proteases (Johnvesly and Naik 2001 • 
Rattray et al. 1995). These metal ions protect the enzyme 
against thermal denaturation and play a vital role in 
maintaining the active confirmation of the enzyme at 
higher temperatures. 
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Kinetic parameters 



To develop an enzyme-based process, prior information 
about kinetic parameters of the enzyme in question is of 
utmost importance. To be precise, kinetic properties like 
^max. K m , K cat , and £ a are important, being not only 
enzyme-specific, but also substrate- and environment- 
specific, and knowledge of these is essential for designing 
enzyme reactors or quantifying the applications of the 
enzyme under different conditions. Various complex, viz., 
casein, azocasein etc., and synthetic substrates, viz., para- 
nitroanilides esters, are used for determining kinetic 
parameters for alkaline proteases. The synthetic substrates 
are much more popular than complex substrates for 
defining A" m and K max as they are convenient (Kumar 
2002; Larcher et al. 1996). For an alkaline protease from 
B. mojavensis, the A: m for casein decreased with corre- 
sponding increase in V max , as the reaction temperature 
was raised from 45 to 60°C (Beg et al. 2002b). In contrast, 
the K m and V max for an alkaline protease from Rhizopus 
oryzae increased with an increase in temperature from 
37°C to 70°C (Banerjee and Bhattacharyya 1993). 



Substrate specificity 

Alkaline proteases have broad substrate specificity and 
are active against a number of synthetic substrates and 
natural proteins. However, the literature conclusively 
suggests that they are more active against casein than 
against azocasein, hemoglobin or BSA (Table 5). More- 
over, there are specific types of alkaline proteases, viz. 
collagenase, elastase, keratinase (Friedrich et al. 1999) 
and insect cuticle-degrading protease (Urtz and Rice 
2000), which are active against specific protein substrates 
(such as collagen, elastin, keratin, cuticle). Alkaline 
proteases are also specific against aromatic or hydropho- 
bic amino acid residues such as tyrosine, phenylalanine or 
leucine at the carboxylic side of the cleavage site. 



Crystallization of serine proteases 

Knowledge of the tertiary structure of an enzyme is 
essential to the understanding of its catalytic function. Of 
particular importance is information about possible 
changes in enzyme structure due to binding of substrate 
products, or effector molecules. Clearly, the spatial' 
distribution of groups at the active site and their 
geometrical disposition has to be known as accurately 
as possible. Therefore, in order to deduce the factors 
dominant in any reaction system, a knowledge of refined 
protein structure at high resolution is of paramount 
importance. Developments in X-ray crystallography have 
revolutionized our understanding of the structure-function 
relationship of proteins. These complex molecules pro- 
vide the machinery to drive and sustain the living cell and 
ensure that the vital genetic information contained in the 
DNA is passed on to future generations. Serine proteases 
of the subtilisin family have been extensively studied both 
to provide insight into the mechanism and specificity of 
enzyme catalysis and because of their considerable 
industrial importance. Many mutually homologous serine 
proteases has been subjected to crystallization and 3- 
dimensional structures of proteases from subtilisin BPN' 
and subtilisin Novo from B. amyloliquefaciens (Bott et al 
1988; Drenth et al. 1972; Erwin et al. 1990; Wright et al. 
1969), subtilisin Carlsberg from B. licheniformis\Bod& et 
al. 1987; Niedhart and Petsko 1988), subtilisin (Kuhn et 
al. 1998) and Savinase (Betzel et al. 1988a, 1992) from B. 
lentus, opticlean from B. alcalophilus (Sobek et al. 1990), 
proteinase K from Tritirachium album Limber (Betzel et 
al. 1988b; Singh et al. 2001c), thermitase from Thermo- 
actinomyces vulgaris (Teplyakov et al. 1990), and serine 
protease from Penicillium cyclopium (Day et al 1986- 
Koszelak et al. 1997) have been determined by X-ray 
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diffraction. The crystal structures have been widely 
studied in detail to provide insight into the mechanism 
and specificity of enzyme catalysis. The large base of 
subtilisins and their industrial importance makes them 
attractive model systems for crystallographic studies and 
protein engineering, e.g., the role of Ca 2+ ions in 
structure-function of subtilisin was extensively studied 
by X-ray structure analysis of subtilisin BPN' (Pantoliano 
et al. 1988). Ca 2+ ions were also located in 3-D structures 
of subtilisin Carlsberg (Bode et al. 1987), proteinase K 
(Betzel et al. 1988b) and thermitase (Teplyakov et al. 
1990). Although the overall tertiary fold of subtilisin is 
conserved in proteinase K and thermitase, they have 
distinctly different Ca 2+ -binding sites, which may be 
related to their thermostability. A brief overview of 
various conditions for crystallization of subtilisins and 
alkaline proteases is listed in Table 6. 



Conclusions 

Alkaline proteases constitute a very large and complex 
group of enzymes, with both nutritional and regulatory 
roles in nature. They are produced by myriad microor- 
ganisms but the most exploited industrial producer 
belongs to the genus Bacillus. Production and down- 
stream processing to obtain purified enzyme sample has 
been studied extensively, both at laboratory and industrial 
scale. Moreover, various types of alkaline proteases have 
been characterized and their potential industrial applica- 
tions have been explored. The major applications of these 
enzymes are in detergent formulation, the food industry, 
leather processing, chemical synthesis and waste man- 
agement. Given the commercial success of this enzyme, 
researchers have also started looking into the possibility 
of developing robust enzymes with desired properties for 
industrial processes by protein engineering and genetic 
manipulation. Hence, although microbial alkaline pro- 
teases already play an important role in industry, their 
potential is much greater and their application in future 
processes is likely to increase. 
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DEFINITION OF ALKAL1PHILES 

There are no precise definitions of what characterizes an 
alkaliphilicor alkalitolerant organism. Several microorganisms 
exhibit more than one pH optimum for growth depending on 
the growth conditions, particularly nutrients, metal ions, and 
temperature. In this review, therefore, the term "alkaliphile" is 
used for microorganisms that grow optimally or very well at pH 
values above 9, often between 10 and 12, but cannot grow or 
grow, only slowly at the near-neutral pH value of 6.5 (Fig. 1). 

HISTORY OF ALKALIPHILES 

The discovery of alkaliphiles was fairly recent. Only 16 sci- 
entific papers on the topic could be found when I started 
experiments on alkaliphilic bacteria in 1968. The use of alka- 
liphilic microorganisms has a long history in Japan, since from 
ancient times indigo has been naturally reduced under alkaline 
conditions in the presence of sodium carbonate. Indigo from 
indigo leaves is reduced by particular bacteria that grow under 
these highly alkaline conditions in a traditional process called 
indigo fermentation. The most important factor in this process 
is the control of the pH value. Formerly, indigo reduction was 
controlled only by the skill of the craftsman. Microbiological 
studies of the process, however, were not conducted until the 
rediscovery of these alkaliphiles by me (69). Alkaliphiles re- 
mained little more than interesting biological curiosities, and 
at that time no further industrial application was attempted or 
even contemplated. 

Since then, my colleagues and I have isolated a large number 
of alkaliphilic microorganisms and purified many alkaline en- 
zymes. The first paper concerning an alkaline protease was 
published in 1971 (67). Over the past two decades, our studies 
have focused on the enzymology, physiology, ecology, taxon- 
omy,, molecular biology, and genetics of these isolates to es- 
tablish a new microbiology of alkaliphilic microorganisms. In- 
dustrial applications of these microorganisms have also been 
investigated extensively, and some enzymes, such as alkaline 
proteases, alkaline amylases, and alkaline cellulases, have been 
put to use on an industrial scale. Alkaliphiles have clearly 
gained large amounts of genetic information by evolutionary 
processes and exhibit an ability in their genes to cope with 
particular environments; therefore their genes are a potentially 
valuable source of information waiting to be explored and 
exploited by the biotechnologists. Genes responsible for the 
alFafiprlilylof Bacillus Kalo'durans C-125 and Bacillus firmus 
OF4 have been analyzed (49, 181). Recently, the complete 
genome of B. halodurans C-125 has been sequenced to obtain 
more information on industrial applications and on the molec- 
ular basis of alkaliphily. However, in this review, structural, 
physiological, and genetic aspects of alkaliphiles are not dis- 
cussed; instead, the review focuses on studies of extracellular 
alkaline enzymes. 

DISTRIBUTION AND ISOLATION OF ALKALIPHILES 

Alkaliphiles consist of two main physiological groups of mi- 
croorganisms; alkaliphiles and haloalkaliphiles. Alkaliphiles 
require an alkaline pH of 9 or more for their growth and have 
an optimal growth pH of around 10, whereas haloalkaliphiles 
require both an alkaline pH (>pH 9) and high salinity (up to 
33% [wt/vol] NaCl). Alkaliphiles have been isolated mainly 
from neutral environments, sometimes even from acidic soil 
samples and feces. Haloalkaliphiles have been mainly found in 
extremely alkaline saline environments, such as the Rift Valley 
lakes of East Africa and the western soda lakes of the United 
States. 
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FIG. 1. pH dependency of alkaliphilic microorganisms. The typical pH de- 
pendency of the growth of neutrophilic and alkaliphilic bacteria is shown by open 
squares and solid circles, respectively. 



Alkaliphiles 

Aerobic alkaliphiles. Alkaliphilic microorganisms coexist 
with neutrophilic microorganisms, as well as occupying specific 
extreme environments in nature. Figure 2 illustrates the rela- 
tionship between the occurrence of alkaliphilic microorgan- 
isms and the pH of the sample origin. To isolate alkaliphiles, 
alkaline media must be used. Sodium carbonate is generally 
used to adjust the pH to around 10, because alkaliphiles usu- 
ally require at least some sodium ions. Table 1 shows the 
makeup of an alkaline medium suitable for their isolation. The 
frequency of alkaliphilic microorganisms in neutral "ordinary" 
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FIG. 2. Distribution of alkaliphilic microorganisms in environments at vari- 
ous pHs. 
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TABLE 1 


. Basal media for alkaliphilic microorganisms 


Ingredient 


Ann (g/liter) ir 

Horikoshi-I 


i: 

Horikoshi-I I 


Glucose 
Soluble starch 
Yeast extract 
Polypeptone 
K 2 HP0 4 
Mg 2 SQ 4 • 7H 2 0 
Na 2 C0 3 
Agar 


10 
0 
5 
5 
1 

0.2 
10 
20 


0 
10 
5 
5 
1 

0.2 
10 
20 



soil samples is 10 2 to 10 5 /g of soil, which corresponds to 1/10 to 
1/100 of the population of the neutrophilic microorganisms 
(65). Recent studies show that alkaliphilic bacteria have also 
been found in deep-sea sediments collected from depths up to 
the 10,898 m of the Mariana Trench (180). Many different 
kinds of alkaliphilic microorganisms, including bacteria be- 
longing to the genera Bacillus, Micrococcus, Pseudomonas, and 
Streptomyces and eukaryotes such as yeasts and filamentous 
fungi, have been isolated from a variety of environments (30, 
50, 65). ' " 

Anaerobic alkaliphiles. The first brief report on anaerobic 
alkaliphiles was communicated by Niimura et al. (144), al- 
though no taxonomic details were reported. Subsequently, 
many anaerobic spore-forming alkaliphiles were isolated by 
conventional procedures, and a few applications have been 
studied. Podkovyrov and Zeikus recorded the isolation and 
purification of a cyclomaltodextrin glucanotransferase from 
Clostridium thermohydrosulfuricum 39E (155). Wiegel and col- 
leagues (32, 117) have isolated and characterized a range of 
thermophilic anaerobic alkaliphiles. Nine moderately alkalito- 
tolerant thermophilic bacteria with similar properties were iso- 
lated from water and soil samples obtained from Yellowstone 
National Park. Strain JW/YL-138T and eight similar strains 
represent a new genus and species, Anaerobranca horikoshii At 
60°C the pH range for growth is 6.9 to 10.3 and the optimum 
pH is 8.5. Cook et al. reported that Clostridium paradoxum a 
novel alkali-thermophile, could maintain pH homeostasis in- 
side the cell and thrive well in culture media in the pH ranee 
between 7.6 and 9.8 (23). 

-Kodama and Koyama (113) studied unique characteristics of 
anaerobic alkaliphiles belonging to Amphibacillus xylanus . The 
transport of leucine and glucose was remarkably stimulated by 
NH 4 . An (NH 4 * + Na + )-activated ATPase of A xylanus was 
also reported by Takeuchi et al. (183). Primary amines also 
activated the enzyme, but secondary and tertiary amines were 
ineffective (183). 

Until recently, few microbiologists thought that alkaliphiles 
thrived in hydrothermal areas. Stetter's group (184) isolated 
Thermococcus alcaliphilus sp. nov., a new hyperthermophilic 
archaeon growing on polysulfide at alkaline pH and at <err.- 
peratures between 56 and 90°C, from a shallow marine hydro- 
thermal system at Vulcano Island, Italy. The pH range for 
growth was 6.5 to 10.5, with an optimum around 9.0. Polysul- 
fide and elemental sulfur were reduced to H 2 S. Then from a 
shallow beach (depth 1.0 m) situated at the base of 'the reef 
close to Porto di Levante at Vulcano Island, Italy, Dirmeier et 
al isolated a new hyperthermophilic member of the archaea 
(29). The cells are coccoid and have up to five flagella They 
grow between 56 and 93°C (optimum, 85°C) and at pH 5 0 to 
9.5 (optimum, 9.0). The organism is strictly anaerobic and 
grows heterotrophically on defined amino acids and complex 



organic substrates such as Casamino Acids, yeast extract pep- 
tone, meat extract, tryptone, and casein. DNA-DNA hybrid- 
ization and 16S rRNA partial sequences indicated that the new 
isolate belongs to the genus Thermococcus and represents a 
new species, Thermococcus acidaminovorans . An outstanding 
review on anaerobic alkalithermophiles has recently been nub 
lished by Wiegel (198). " 

Haloalkaliphiles 

The most remarkable examples of naturally occurring alka- 
line environments are soda deserts and soda lakes. Extremely 
alkaline lakes, for example, Lake Magadi in Kenya and the 
Wadi Natrun in Egypt, are probably the most stable highly 
alkaline environments on Earth, with a consistent pH of 10 5 to 
12.0 depending on the site. Many organisms isolated from 
alkaline and highly saline environments such as soda lakes also 
require high salinity, which is achieved by adding NaCl to the 
isolation medium. In particular, hypersaline soda lakes are 
populated by alkaliphilic representatives of halophilic archaea. 
These red-pigmented microbes reach numbers of 10 7 to 10 8 /ml 
in soda lake brines. A novel haloalkaliphilic archaeon was 
isolated from Lake Magadi (125). Cells of this organism con- 
tain large gas vacuoles in the stationary phase of growth, and 
colonies produced by these archaea are bright pink The G-4-C 
content of the DNA is 62.7 mol%. The name Natronobacterium 
vacuolata sp. nov. is proposed. The type strain is designated 
NCIMB 13189. Lodwick et al. (121) determined the nucleotide 
sequence of the 23S and 5S rRNA genes from the haloalkali- 
philic arachaeon Natronobacterium magadii. A phylogenetic 
tree for the halobacteria was produced by alignment of the 23S 
rRNA sequence with those of other archaea. 

Subsequently, Kamekura et al. (81) studied the diversity of 
alkaliphilic halobacteria on the basis of phylogenetic tree re- 
constructions, signature bases specific for individual genera 
and sequences of spacer regions between 16S and 23S rRNA 
genes. They proposed the following changes: Natronobacterium 
pharaonis to be transferred to Natronomonas gen. nov as Na- 
tronomonas pharaonis gen. nov. comb, nov.; Natronobacterium 
vacaolatum to be transferred to the genus Halorubrum as 
Halorubrum vacuolatum comb, nov.; and Natronobacterium 
magadu to be transferred to the genus Natrialba as Natrialba 
magadii. 

Recently, Xu et al...(200) isolated two haloalkaliphilic ar- 
chaea from a soda lake in Tibet. The two strains were gram 
negative, pleomorphic, flat, nonmotile, and strictly aerobic 
Growth required at least 12% NaCl and occurred between pH 
8.0 and 11 with an optimum at pH 9.0 to 9.5. On 16S rRNA 
phylogenetic trees, the two strains formed a monophyletic clus- 
ter. They differed from their closest neighbors, Halobacterium 
trapanicum and Natrialba asiatica, in polar lipid composition, 
as well as physiological and phenotypic characteristics. DNA- 
DNA hybridization indicated that the two strains belonged to 
different species of the same genus. The results indicated that 
t.ic strains should be classified in a new genus, Natronorubrum 
gen. nov. 

Recently, Kevbrin et al. (89) isolated an alkaliphilic, obli- 
gate^ anaerobic, fermentative, asporogenous bacterium with a 
gram-positive cell wall structure from soda deposits in Lake 
Magadi, Kenya. 16S rDNA sequence analysis of this bacterium 
showed that it belongs phylogenetically to cluster XI of the 
low-G+C gram-positive bacteria. On the basis of its distinct 
phylogenetic position and unique physiological properties, 
they proposed a new genus and new species, Tindallia magadii 
for this strain. 

A novel osmolyte, 2-sulfotrehaIose, was discovered in sev- 
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eral Natronobacterium species of haloalkaliphilic archaea (26). 
The concentration of this novel disaccharide increased with 
increasing concentrations of external NaCl, behavior consis- 
tent with its identity as an osmolyte. Other common osmolytes 
(glycine, betaine, glutamate, and proline) were not accumu- 
lated or used for osmotic balance in place of the sulfotrehalose 
by these halophilic archaea. The ecology, physiology, and tax- 
onomy of haloalkaliphiles have been recently reviewed by 
Jones et al. (80). 

Methanogens 

Boone et al. (16) had originally isolated halophilic methano- 
gens from various neutral salinas and natural hypersaline en- 
vironments. These strains grew fastest at temperatures near 
40°C and, in medium containing 0.5 to 2.5 M NaCl, at pH 
values near 7. Zhilina and Zavarzin (206) then described bac- 
terial communities in alkaline lakes, and in particular the 
diversity of anaerobic bacteria developing at pH 10 was dis- 
cussed. A new obligate alkaliphilic, methylotrophic methano- 
gen was isolated from Lake Magadi. According to its pheno- 
typic and genotypic properties, the isolate belonged to 
Methanosalsus {Methanohalophilus) zhilinaeae (88). It exhib- 
ited 91% homology to the type strain of this formerly mono- 
typic species. The strain did not require CP but was obligately 
dependent on Na + and HC0 3 _ . It was an obligate alkaliphile 
and grew within a pH range of 8 to 10 (92). 

Cyanobacteria 

Gerasimenko et al. (48) reported the discovery a wide di- 
versity of alkaliphilic cyanobacteria (16 genera and 34 species 
were found). So far, no industrial application has been re- 
ported (11, 31, 128, 156, 199). Buck and Smith (19) reported an 
Na /H + electrogenic antiporter in alkaliphilic Synechocyslis 
sp. Singh (165) partially purified a urease from an alkaliphilic 
diazotrophic cyanobacterium, Nostoc calcicola. The purified 
enzyme showed optimum activity at pH 7.5 and 40°C. The 
enzyme was found to be sensitive to metal cations, particularly 
Hg + , Ag + , and Cu 2+ . 4-Hydroxymercuribenzoate (a mer- 
capto-group inhibitor) and acetohydroxamic acid (a chelating 
agent of nickel) inhibited the enzyme activity completely. 
These results suggest the involvement of an SH group and 
Ni + in the activity of urease from N. calcicola. 

Other Alkaliphiles 

Sorokin et al. have extensively studied sulfur-oxidizing alka- 
liphiles. The strains oxidize sulfide, elemental sulfur, and thio- 
sulfate to tetrathionate. Recently, sulfide dehydrogenase was 
isolated and purified from these alkaliphilic chemolithoauto- 
trophic sulfur-oxidizing bacteria (166-169). 

Zhilina et al. isolated and characterized Desulfonatronovibrio 
hydyogenovorans gen. nov., sp. nov., an alkaliphilic, sulfate- 
reducing bacterium, from Lake Magadi. Strain Z-7935(T) is an 
obligatory sodium-dependent alkaliphile, which grows in so- 
dium carbonate medium and does not grow at pH 7; the max- 
imum pH for growth is more than pH 10, and the optimum pH 
is 9.5 to 9.7. The optimum NaCl concentration for growth is 
only 3% (wt/vol) (206-208). 

Several alkaliphilic spirochetes were also isolated from Lake 
Magadi and from Lake Khatyn, Central Asia, by Zhilina et al 
Analysis of the genes encoding 16S rRNA indicated a possible 
fanning out of the phylogenetic tree of spirochetes (207). 

Khmeleniria et al. (91) isolated two strains of the halotoler- 
ant alkaliphilic obligate methanotrophic bacterium Methyl- 
obqeter alcaliphilus sp. nov. from moderately saline soda lakes 



TABLE 2. Intracellular pH values in alkaliphilic Bacillus strains at 
different external pH values 



Microorganism External pH internal pH 



B. alcalophilus 8.0 8 0 

9.0 76 
10.0 8 . 6 
11.0 9.2 

B. firmus -j q 7 j 

9.0 8.0 

10.8 8.3 

11.2 8.9 

11-4 9.6 

Bacillus strain YN-2000 7.5 8 5 

8.5 7^9 

9.5 8.1 

10.2 8.4 

B. halodurans C-I25 7.0 73 

Intact cells 75 7 4 

8-0 7^6 

8.5 7.8 

9.0 7.9 

9.5 8.1 

10.0 8.2 

10.5 8.4 

Protoplasts 70 7 5 

8.0 79 

8.5 8.2 

9.0 8.4 

9.3 8.6 



in Tuva (Central Asia). The strains grow fastest at pH 9.0 to 9.5 
and much more slowly at pH 7.0. No growth occurred at pH 
less than or equal to 6.8. They require NaHC0 3 or NaCl for 
growth in alkaline medium. 



SPECIAL PHYSIOLOGICAL FEATURES OF 
ALKALIPHILES 

Internal pH 

Most alkaliphiles have an optimal growth pH at around 10, 
which is the most significant difference from well-investigated 
neutrophilic microorganisms. Therefore, the question arises 
how these alkaliphilic microorganisms can grow in such an 
extreme environment. Is there any difference in physiological 
and structural aspects between alkaliphilic and neutrophilic 
microorganisms? Internal cytoplasmic pH can be estimated 
from the optimal pH of intracellular enzymes. For example, 
a-galactosidase from an alkaliphile, Micrococcus sp. strain 
31-2, had its optimal catalytic pH at 7.5, suggesting that the 
internal pH is around neutral. Furthermore, the cell-free 
protein synthesis systems from alkaliphiles optimally incor- 
porate amino acids into protein at pH 8.2 to 8.5, only 0.5 pH 
unit higher than that of the neutrophilic Bacillus subtilis 
(69). 

Another method to estimate internal pH is to measure in 
cells the inside and outside distribution of weak bases, which 
are not actively transported by cells. The internal pH was 
maintained at around 8, despite a high external pH of 8 to 11, 
as shown in Table 2 (5, 51, 65, 171). Therefore, one of the 
key features in alkaliphily is associated with the cell surface, 
which discriminates and maintains the intracellular neutral 
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environment separate from the extracellular alkaline envi- 
ronment. 

Cell Walls 

. Acidic polymers. Since the protoplasts of alkaliphilic Bacillus 
strains lose their stability in alkaline environments, it has been 
suggested that the cell wall may play a key role in protecting 
the cell from alkaline environments. Components of the cell 
walls of several alkaliphilic Bacillus spp. have been investigated 
in comparison with those of the neutrophilic B. subtilis. In 
addition to peptidoglycan, alkaliphilic Bacillus spp. contain 
certain acidic polymers, such as galacturonic acid, gluconic 
acid, glutamic acid, aspartic acid, and phosphoric acid (4). The 
negative charges on the acidic nonpeptidoglycan components 
may give the cell surface its ability to adsorb sodium and 
hydronium ions and repulse hydroxide ions and, as a conse- 
quence, may assist cells to grow in alkaline environments. 

Peptidoglycan. The peptidoglycans.of alkaliphilic Bacillus 
spp. appear to be similar to that of B. subtilis. However, their 
composition was characterized by an excess of hexosamines 
and amino, acids in the cell walls compared to that of the 
neutrophilic B. subtilis. Glucosamine, muramic acid, d- and 
L-alanine, D-glutamic acid, weyo-diaminopimelic acid, and ace- 
tic acid were found in hydrolysates. Although some variation in 
the amide content among the peptidoglycans from alkaliphilic 
Bacillus strains was found, the variation in pattern was similar 
to that known in neutrophilic Bacillus species. 

Na + Ions and Membrane Transport 

Alkaliphilic microorganisms grow vigorously at pH 9 to 11 
and require Na + for growth (116). The presence of sodium 
ions in the surrounding environment has proved to be essential 
for effective solute transport through the membranes of alka- 
liphilic Bacillus spp. According to the chemiosmotic theory, the 
proton motive force in the cells is generated by the electron 
transport chain or by excreted H + derived from ATP metab- 
olism by ATPase. H + is then reincorporated into the cells with 
cotransport of various substrates. In Na + -dependent transport 
systems, the H + is exchanged with Na + by Na + /H + antiporter 
systems, thus generating a sodium motive force, which drives 
substrates accompanied by Na + into the cells. The incorpora- 
tion of a test substrate, a-aminoisobutyrate, increased twofold 
as the external pH shifted from 7 to 9, and the"presence of 
sodium ions significantly enhanced the incorporation; 0.2 N 
NaCl produced an optimum incorporation rate that was 20 
times the rate observed in the absence of NaCl. Other cations, 
including K + , Li + , NH 4 + , Cs + , and Rb + , showed no effect, nor 
did their counteranions (108). 

Mechanisms of Cytoplasmic pH Regulation 

The cells have two barriers to reduce pH values from 10.5 to 
8 (Fig. 3). 

Cell walls containing acidic polymers function as a negatively 
charged matrix and may reduce the pH value at the cell sur- 
face. The surface of the plasma membrane must presumably be 
kept below pH 9, because the plasma membrane is very unsta- 
ble at alkaline pH values (pH 8.5 to 9.0) much below the pH 
optimum for growth. 

Plasma membranes may also maintain pH homeostasis by 
using the Na + /H + antiporter system (AvJ/ dependent and ApH 
dependent), the K + /H + antiporter, and ATPase-driven H + 
expulsion. Recent studies on the critical antiporters in several 
laboratories have begun to clarify the number and character- 



istics of the porters that support active mechanisms of pH 
homeostasis (53, 76, 109, 114, 130). 

My group isolated a nonalkaliphilic mutant strain (mutant 
38154) from B. halodurans C-125 as the host for cloning genes 
related to alkaliphily. A 3.7-kb parental DNA fragment (pALK 
fragment) from the parental strain restored the growth of 
mutant 38154 at alkaline pH. The transformant was able to 
maintain an intracellular pH that was lower than the external 
pH and contained an electrogenic Na + /H + antiporter driven 
only by Ai|; (membrane potential, interior negative). Mem- 
brane vesicles prepared from mutant 38154 did not show mem- 
brane potential Aijj-driven Na + / r H + antiporter activity. These 
results indicate that mutant 38154 affects, either directly or 
indirectly, electrogenic Na + /H + antiporter activity. This was 
the first report of a DNA fragment responsible for a Na + /H + 
antiporter system in the mechanism of alkaliphily (53, 56, 107, 
115, 162). 

Krulwich et al. (49, 51, 76, 114, 171, 172) have focused their 
studies on the facultative alkaliphile Bacillus firmus OF4, which 
is routinely grown on malate-containing medium at either pH 
7.5 or 10.5. Current work is directed toward clarification of the 
characteristics and energetics of membrane-associated pro- 
teins that must catalyze inward proton movements. One such 
protein is the Na + /H + antiporter, which enables cells to adapt 
to a sudden upward shift in pH and to maintain a cytoplasmic 
pH that is 2 to 2.3 units below the external pH in the most 
alkaline range of pH for growth. Another is the proton-trans- 
locating ATP synthase that catalyzes production of ATP under 
conditions in which the external proton concentration and the 
bulk chemiosmotic driving force are low. Three gene loci that 
are candidates for Na + /H + antiporter, carrying genes with 
roles in Na + -dependent pH homeostasis, have been identified. 
All of them have homologs in B. subtilis, in which pH ho- 
meostasis can be carried out with either K + or Na + . The 
physiological importance of one of the B. flrmus OF4 loci, 
nhaC, has been studied by targeted gene disruption, and the 
same approach is being extended to the others. The alp genes, 
which encode the FjFq-ATP synthase of the alkaliphile have 
interesting motifs in areas of putative importance for proton 
translocation. As an initial step in studies that will probe the 
importance and possible role of these motifs, the entire atp 
operon from B. firmus OF4 has been cloned and functionally 
expressed in an Escherichia coli mutant with its atp genes 
completely deleted. The transformant does not exhibit growth 
on succinate but shows reproducible, modest increases in the 
aerobic growth yields on glucose as well as membrane ATPase 
activity that exhibits characteristics of the alkaliphile enzyme 
(114). As a result of these mechanisms, the membrane proteins 
play a key role in keeping the intracellular pH values in the 
range between 7.0 and 8.5. 

PHYSICAL MAPS OF CHROMOSOMAL DNAs OF 
ALKALIPHILIC BACILLUS STRAINS 

How alkaliphiles adapt to their alkaline environments is one 
of the most interesting and challenging topics that might be 
clarified by genome analysis. Two physical maps for alkaliphilic 
Bacillus strains have been published: those for B. firmus OF4 
and B. halodurans C-125. A physical map of B. firmus OF4 is 
consistent with a circular chromosome of approximately 4 Mb, 
with an extrachromosomal element of 110 kb (49, 172). Al- 
though analysis is still in progress, several open reading frames 
for Na + /H + antiporters that may play roles in pH homeostasis 
have been detected. A physical map of the chromosome of B. 
halodurans C-125 has been constructed to facilitate whole- 
genome analysis (181, 182). In this strain, the genome size is 
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4.25 Mb. Many open reading frames showing significant simi- 
larities to those of B. subtilis have been positioned on the 
physical map. As shown in Fig. 4, the oriC regions of the C-125 
chromosome have been identified by Southern blot analysis 
-with -a DNA probe containing-the gyrB region (181,-182). 

Whole-genome analysis will inevitably give us useful infor- 
mation about adaptation to alkaline environments. 

ALKALINE ENZYMES 

Studies of alkaliphiles have led to the discovery of many 
types of enzymes that exhibit interesting properties. The first 
report concerning an alkaline enzyme, published in 1971, de- 
scribed an alkaline protease produced by Bacillus sp. strain 
221. More than 35 new enzymes have been isolated and puri- 
fied in my laboratory. Some of these have been produced on an 
industrial scale. 

Alkaline Proteases 

In 1971, Horikoshi (66) reported the production of an ex- 
tracellular alkaline serine protease from alkaliphilic Bacillus 
sp. strain 221. This strain, isolated from soil, produced large 
amounts of alkaline protease that differed from the subtilisin 
group. The optimum pH of the purified enzyme was 11.5, and 
75% of the activity was maintained at pH 13.0. The enzyme was 
completely inhibited by diisopropylfluorophosphate or 6 M 



urea but not by EDTA or p-chloromercuribenzoate. The mo- 
lecular weight of the enzyme was 30,000, which is slightly 
higher than those of other alkaline proteases. The addition of 
a 5 mM solution of calcium ions was reflected in a 70% in- 
crease in activity at the optimum temperature (60°C). Subse- 
quently, two Bacillus strains, AB42 and PB12, were reported 
which also produced an alkaline protease (9). These strains 
exhibited a broad pH range (pH 9.0 to 12.0), with a tempera- 
ture optimum of 60°C for AB42 and 50°C for PB12. Since these 
reports, many alkaline proteases have been isolated from al- 
kaliphilic microorganisms (35, 146, 187-190). Fujiwara et al. 
(34) purified a thermostable alkaline protease from a thermo- 
philic alkaliphile, Bacillus sp. strain B18. The optimum pH and 
temperature for the hydrolysis of casein were pH 12 to 13 and 
85°C. both of which are higher than those for alkaline pro- 
teases. Han and Damodaran (55) reported the purification and 
characterization of an extracellular endopeptidase from a 
strain of Bacillus pumilus displaying high stability in 10% (wt/ 
vol) sodium dodecyl sulfate and 8 M urea. Some of the en- 
zymes are now commercially available as detergent additives. 

Takami et al. (179) isolated a new alkaline protease from 
alkaliphilic Bacillus sp. strain AH-101. The enzyme was most 
active toward casein at pH 12 to 13 and stable for 10 min at 
60°C and pH 5 to 13. The optimum temperature was about 
80°C in the presence of 5 mM calcium ions. The alkaline 
protease showed a higher hydrolyzing activity against insoluble 
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fibrous natural proteins such as elastin and keratin than did 
subtilisins and proteinase K (177, 178). Cheng et al. (21) re- 
ported a keratinase of a feather-degrading Bacillus lichenifor- 
mis strain, PWD-1. This enzyme was stable from pH 5 to 12. 
The optimal reaction pHs for feather powder and casein were 
8.5 arid 10.5 to 11.5, respectively. Zaghloul et al. also reported 
the isolation, identification, and kerajinplytic activity of several 
feather-degrading bacteria isolated from Egyptian soil. These 
isolates could degrade chicken feathers (205). 

Structural analysis. Schmidt et al. analyzed a series of serine 
protease genes of alkaliphilic Bacillus sp. strain LG12. Four 
tandem subtilisin-like protease genes were found on a 6,854-bp 
DNA fragment. The two downstream genes (sprC and sprD) 
appear to be transcribed independently, while the two up- 
stream genes (sprA and sprB) seem to be part of the same 
transcript (161). Yeh et al. improved the translational effi- 
ciency of an alkaline protease YaB gene with different initia- 
tion codons in B. subtilis arid alkaliphilic Bacillus YaB (201). 
Martin et al. found that the solution structure of serine pro- 
tease PB92 from B. alcalophilus presents a well-defined global 
fold with a flexible structure-binding site. The well-defined 
global fold was rigid with the exception of a restricted number 
of sites (123). 

Kobayashi et al. isolated and purified an alkaline protease 
from alkaliphilic Bacillus sp. strain KSM-K16 that was suitable 
for use in detergents (110). Shirai et al. studied the crystal 
structure of the M protease, of alkaliphilic Bacillus sp. strain 
KSM-K16 by X-ray analysis to understand the alkaline adap- 
tation mechanism of the enzyme (164). This analysis revealed 



a decrease in the number of negatively charged amino acids 
(aspartic acid and glutamic acid) and lysine residues, and an 
increase in arginine and neutral hydrophilic amino acids (his- 
tidine, asparagine, and glutamine) residues during the course 
of adaptation. 

Other proteases. Several alkaline proteases produced by al- 
kaliphilic actinomycetes have been reported. Tsuchiya et .al. 
(191-193) isolated thermostable alkaline protease from alka- 
liphilic Thermoactinomyces sp. strain HS682. The strain grew in 
alkaline media between pH 7.5 and 11.5. Maltose gave the 
highest productivity of protease at a concentration of 10 g/liter. 
The protease had its maximum proteolytic activity around pH 
11.0 and at 70°C. In the presence of Ca 2+ ions, maximum 
activity was observed at 80°C. An intracellular alkaline serine 
protease gene of alkaliphilic Thermoactinomyces sp. strain 
HS682 was cloned and expressed in E. coli. Yum et al. (204) 
purified an extracellular alkaline serine protease produced by 
Sireplomyces sp. YSA-130. The optimum temperature and pH 
for the enzyme activity were 60°C and 11.5, respectively. The 
enzyme was stable at 50°C and between pH 4 and 12. 

A serine protease from the keratin-degrading Sireplomyces 
pactum DSM 40530 was purified by casein agarose affinity 
chromatography by Bockle et al. (15). The proteinase was 
optimally active in the pH range from 7 to 10 and at temper- 
atures from 40 to 75°C. After incubation with the purified 
proteinase, rapid disintegration of whole feathers was ob- 
served. 

Extracellular proteolytic activity was also detected in the 
haloalkaliphilic archaeon Natronococcus occultus as the culture 



742 HORIKOSHI 



Microbiol. Moi.. Biol. Rev. 



reached the stationary, growth phase (170). Proteolytic activity 
was precipitated with ethanol and subjected to preliminary 
characterization. Optimal conditions for activity were attained 
at 60°C and 1 to 2 M NaCl or KC1. Gelatin zymography in the 
presence of 4 M betaine revealed a complex pattern of active 
species with apparent molecular masses ranging from 50 to 120 
kDa. 

Industrial applications, (i) Detergent additives. The main 
industrial application of alkaliphilic enzymes is in the deter- 
gent industry, and detergent enzymes account for approxi- 
mately 30% of total worldwide enzyme production. Not all of 
these are produced by alkaliphilic bacteria. However, many 
alkaline proteases have been produced by alkaliphilic Bacillus 
strains and are commercially available. 

(ii) Dehairing. Alkaline enzymes have been, used in the 
hide-dehairing process, where dehairing is carried out at pH 
values between 8 and 10, These enzymes are commercially 
available. 

(iii) Other applications. An interesting application of alka- 
line protease was developed by Fujiwara and coworkers (35, 
36, 75). They reported the use of an alkaline protease to 
decompose the gelatinous coating of X-ray films, from which 
silver was recovered. Protease B18' had a higher optimum pH 
and temperature, around 13.0 and 85°C. The enzyme was most 
active toward gelatin on film at pH 10. 

StarchTDegrading Enzymes 

The first alkaline amylase was produced in Horikoshi-II me- 
dium by cultivating alkaliphilic Bacillus sp. strain A-40-2 (67). 
Several types of aikaline starch-degrading enzymes were ob- 
served. No alkaline amylases produced by neutrophilic micro- 
organisms have so far been reported. Recent studies revealed 
that the starch-degrading enzymes ot-amylase and cyclomalto- 
dextrin glycosyltransferase (CGTase) are functionally and 
structurally closely related. ot-Amylases have three molecular 
domains (called A, B, and C), and CGTases contain two ad- 
ditional domains (called D and E). 

a-Amyiases of alkaliphilic Bacillus strains. The alkaline 
amylase was first produced in alkaliphilic Bacillus sp. strain 
A-40-2 (ATCC 21592), which was selected from about 300 
colonies of bacteria grown in Horikoshi-II medium (67). The 
enzyme is most active at pH 10.0 to 10.5 and retains 50% of its 
activity between pH 9J) and 11.5. The enzyme is not inhibited 
by 10~mM EDTA at 30°C but is completely inactivated by 8 M 
urea. The enzyme can hydrolyze 70% of starch to yield glucose, 
maltose, and maltotriose, and it is a type of saccharifying 
a-amylase. Boyer and Ingle reported an alkaline amylase in 
strain NRRL B-3881, which was the second report of an alka- 
line amylase (17, 18). The B-3881 amylase has its optimum pH 
for enzyme action at 9.2. It yields maltose, maltotriose, and a 
small amount of glucose and maltotetraose, all of which have 
a fd-configuration. Considerable diversity of a-amylases has 
been reported. Kim et al. reported that the alkaliphilic Bacillus 
sp. strain GM8901 produced five alkaline amylases in a culture 
broth (97). McTigue et al. studied the alkaline amylases of 
three alkaliphilic Bacillus strains (126, 127). Bacillus halo- 
durans A-59 (ATCC 21591), Bacillus sp. strain NCIB 11203, 
and Bacillus sp. strain IMD370 produced alkaline a-amylases 
with maxima for activity at pH 10.0. Kelly et al. (86) found that 
the alkaline amylase of Bacillus sp. strain 1MD370 could hy- 
drolyze raw starch. The enzyme digested raw cornstarch to 
glucose, maltose, maltotriose, and maltotetraose. The maxi- 
mum pH for raw starch hydrolysis was pH 8.0, compared to pH 
10.0 for soluble starch hydrolysis. It is of interest that degra- 
dation of raw starch was stimulated sixfold in the presence of 



P-cyclodextrin. Lin et al. have recently reported the production 
and properties of a raw-starch-degrading amylase from the 
thermophilic and alkaliphilic Bacillus sp. strain TS-23 (11.9). 
Activity staining revealed that two amylases with molecular 
masses of 150 and 42 kDa were produced. The 42-kDa amylase 
hydrolyzed only raw starch. Igarashi et al. isolated a novel 
liquefying ot-amylase (LAMY) from cultures of an alkaliphilic 
Bacillus isolate, strain KSM-1378 (73). The enzyme had a pH 
optimum of 8.0 to 8.5 and displayed maximum activity at 55°C. 
The structural gene for the amylase contained a single open 
reading frame 1,548 bp in length, encoding to 516 amino acids 
that included a signal peptide of 31 amino acids. The four 
conserved regions were found in the deduced amino acid se- 
quence. Essentially, the sequence of LAMY was consistent 
with the tertiary structures of reported amylolytic enzymes, 
which are composed of domains A, B, and C. Furthermore, 
Igarashi et al. improved the thermostability of the amylase by 
deleting an arginine-glycine residue in that molecule (74). 

Other a-amylases. Kimuraand Horikoshi isolated a number 
of starch-degrading psychrotrophic microorganisms from the 
environment (102, 104, 106). Recently, a gene coding for a new 
amylolytic enzyme from Pseudomonas sp. strain KFCC 10818 
was cloned, and its nucleotide sequence was determined (13 1). 
A deduced amino acid sequence contained four highly con- 
served regions of a-amylases. The haloalkaliphilic Natronococ- 
ats sp. strain Ah-36 produced an extracellular maltotriose- 
forming amylase (112). The amylase exhibited maximal activity 
at pH 8.7 and 55°C in the presence of 2.5 M NaCl. Kobayashi 
et al. have cloned this a-amylase and expressed it in Haloferax 
volcanii (111). 

Cyclomaitodextrin glucanotransferases. Nakamura and 
Horikoshi discovered many alkaliphilic Bacillus strains produc- 
ing CGTases. The crude enzyme of Bacillus sp. strain 38-2 was 
a mixture of three enzymes: acidic CGTase, having an opti- 
mum pH for enzyme action at 4.6, neutral CGTase, having an 
optimal pH at 7.0, and alkaline CGTase, having an optimal pH 
at 8.5 (135-138). In 1975, Matsuzawa et al. established the 
industrial production of cyclodextrin (CD) by using crude 
CGTase of Bacillus sp. strain 38-2 (124). Since then, many 
alkaliphilic microorganisms producing CGTases have been re- 
ported (145, 147). Georganta et al. isolated CGTase-producing 
psychrophilic alkaliphilic bacteria from samples of deep-sea 
bottom mud (47). Isolate 3-22 grew at 4°C and showed activity 
at broad temperature ranges and from pH 5 to 9. The CGTase 
produced predominantly p-CD, with minor amounts of a- and 
-y-CDs. The formation of various CDs was observed after ac- 
cumulation of maltooligosaccharides with degrees of polymer- 
ization more than seven (1). Salva et al. isolated 68 CGTase- 
producing alkaliphilic bacteria from among 400 soil bacteria 
(157). The enzyme of isolate 76 was partially purified by starch 
adsorption, and some of its properties were investigated. These 
properties seem to be quite similar to those of the Bacillus sp. 
strain 38-2 enzyme (135). Chung et al. isolated a thermostable 
CGTase from Bacillus stearothermophilus ET1 (22). The opti- 
mum pH for the enzyme-catalyzed reaction was pH 6.0, and 
the optimum temperature was observed at 80°C. A 13% (wt/ 
vol) cornstarch solution was liquefied and converted to CDs 
solely by using this enzyme. The cornstarch conversion rate was 
44%, and a-, B-, and 7-CDs were produced in the ratio of 
4.2:5.9:1. Terada et al. studied the initial reaction of CGTase 
from the alkaliphilic Bacillus sp. strain A2-5a on amylose (186). 
Cyclic a-l,4-glucans with degrees of polymerization ranging 
from 9 to more than 60, in addition to a-, P-, and 7-CD, were 
detected at early stages of enzymatic reactions. Subsequently, 
large cyclic a-l,4-glucans were converted into smaller cyclic 
a-l,4-glucans. The final major product was P-CD. From the 
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industrial point of view, -y-CD is of practical interest because it 
is rare and can encapsulate larger compound molecules. Re- 
cently, Parsiegla et al. reported that mutation of Bacillus cir- 
culans 8 was effective in increasing 7-CD production (154). 
Yamane's group has extensively investigated the molecular 
structure of the CGTase of alkaliphilic Bacillus sp. strain 1011 
(91-101, 113, 133, 134). Kimura et al. isolated the enzyme, 
purified and cloned its gene (99, 100). The enzyme, consisting 
of 686 amino acid residues, was crystallized and subjected to 
X-ray analysis. The molecule consists of five domains, desig- 
nated A to E, and its backbone structure is similar to the 
structure of other bacterial CGTases. The molecule has two 
calcium-binding sites where calcium ions are coordinated by 
seven ligands, forming a distorted pentagonal bipyramid. 
Three histidine residues in the active center of CGTase par- 
ticipate in the stabilization of the transition state.. His-327 is 
especially important for catalysis over the alkaline pH range 
(133). Analysis of the three-dimensional structures of CGTases 
has revealed that four aromatic residues, which are highly 
conserved among CGTases but not in a-amylases, are located 
in the active center (134). 

Industrial production of cyclodextrins. In 1969, Corn Prod- 
ucts International Co. in the United States began producing 
P-CD by using B. macerans CGTase. Teijin Ltd. in Japan also 
produced fJ-CD by using the B. macerans enzyme in a pilot 
plant. However, there were two serious problems in both pro- 
duction processes: (i) the yield of CD from starch was not high, 
and (ii) Toxic organic solvents such as trichloroethylene, bro- 
mobenzene, and toluene were used to precipitate CD owing to 
the low conversion rate. The use of CGTase of alkaliphilic 
Bacillus sp. strain 38-2 overcame all these weak points and led 
to the mass production of.crystalline a-, p-, 7-CD at low cost 
without using any organic solvents. The yield of CD was 85 to 
90% from amylose and 70 to 80% from potato starch on a 
laboratory scale. Owing to the high conversion rate, CDs could 
be directly crystallized from the hydrolysate of starch without 
the addition of organic solvents (124). These simple methods 
reduced the cost of p-CD from $l,000/kg to $5/kg and that of 
a a-CD to within $15/kg. This has paved the way for its use in 
large quantities in foodstuffs, chemicals, and pharmaceuticals. 
Several other processes to produce CDs have been developed 
since the original report by Matsuzawa et al. (124). Kim et al. 
reported an enzymatic production of CDs from milled corn 
starch in an ultrafiltration membrane bioreactor to reduce 
productlnhibition ~(96)7\na batch" operation witlTTutrafirtra- 
tion, the conversion yield was increased 57% compared with 
that without ultrafiltration. Okada et al. also developed a bio- 
reactor system with the enzyme immobilized on a capillary 
membrane (148). The percentage of CDs to total sugar ob- 
tained was slightly more than 60% under most operating con- 
ditions. Abraham immobilized CGTase for the continuous 
production of CDs (2). The immobilized enzyme had a pH 
optimum shifted to the alkaline side (from 6.5 to 7.5) and had 
a reduced temperature optimum (from 60°C to 50-^55°C). Lima 
et al. developed a unique CD production process (118). A 10% 
(wt/vol) solution of cassava starch, liquefied with a-amylase, 
was incubated with CGTase by using only the enzyme and 
added ethanol (from 1 to 5%), followed by the addition of the 
yeast. Saccharomyces cerevisiae (12% [wt/vol]) plus nutrients. 
However, the production costs were not reported! 

Pullulanascs. In 1976, Nakamura et al. discovered an alka- 
line pullulanase of Bacillus sp. strain 202-1 (139). The enzyme 
has a pH optimum for enzyme action at pH 8.5 to 9.0 and is 
stable for 24 h at pH 6.5 to 11.0 at 4°C. The enzyme is most 
active at 55°C and is stable.up to 50°C for 15 min in the absence 
of substrate. Kelly et al. found that alkaliphilic B. halodurans 



A-59 (ATCC 21591) produced three enzymes, a-amylase, pul- 
lulanase, and a-glucosidase, in culture broth (87). These three 
enzymes were separately produced, and the levels of a-gluco- 
sidase and pullulanase reached their maxima after 24 h of 
cultivation at the initial pH 9.7. Although this pullulanase was 
not purified, the indicated pH optimum was at 7.0. 

Two highly alkaliphilic pullulanase-producing bacteria were 
isolated from Korean soil (94, 95). The two isolates were ex- 
tremely alkaliphilic, since bacterial growth and enzyme pro- 
duction occurred at pH values ranging from pH 6.0 to 12.0 for 
Micrococcus sp. strain Y-l and pH 6.0 to 10.0 for Bacillus sp. 
strain S-l. The enzyme displayed a temperature optimum of 
around 60°C and a pH optimum of around pH 9.0. The extra- 
cellular enzymes of both bacteria were alkaliphilic and mod- 
erately thermoactive; optimal activity was detected at pH 8.0 to 
10.0 and between 50 and 60°C. 

In screening alkaline cellulases from detergent additives, 
Ara and coworkers isolated a novel alkaline pullulanase from 
alkaliphilic Bacillus sp. strain KSM-1876, which was identified 
as a relative of Bacillus circulans (8, 72). The enzyme had an 
optimum pH for enzyme action of around 10.0 to 10.5. This 
enzyme is a good candidate for use as an additive to dishwash- 
ing detergents. Ito's group then found another alkaline amy- 
lopullulanase from alkaliphilic Bacillus sp. strain KSM-1378 
(7). This enzyme efficiently hydrolyzed the a-1,4 and a-1,6 
linkages of amylose, amylopectin, and glycogen at alkaline pH 
values. The kinetic studies revealed two independent active 
sites for the a-1,4 and a-1,6 hydrolytic reactions. Incubation of 
the enzyme at 40°C and pH 9.0 caused complete inactivation of 
the amylase activity within 4 days, but the pullulanase activity 
remained at the original level under the same conditions (7). 
This alkaline amylopullulanase can therefore be considered to 
be a "two-headed" enzyme molecule. Limited proteolysis with 
papain also revealed that the a-1,6- and al,4 hydrolytic activ- 
ities were associated with two different active sites (6). Fur- 
thermore, analysis of the amino acid sequence and molecular 
structure of the enzyme showed two different active sites (57). 
The enzyme was observed by transmission electron micros- 
copy; it appeared to be a bent dumbbell-like molecule with a 
diameter of approximately 25 nm. 

Takagi et al. reported diversity in the size and alkaliphily of 
thermostable a-amylase-pullulanases produced by recombi- 
nant Escherichia coli, B. subtilis and the wild-type Bacillus sp. 
strain XAL601 (176). It was revealed that the noncatalytic 
C-terminal region may be responsible for" the high optimum 
pH of the enzyme activity. These observations were also re- 
ported for CGTase (82, 83) and alkaline carboxymethyl cellu- 
iase (CMCase) (132). 

Lin et al. purified a thermostable pullulanase from the ther- 
mophilic alkaliphilic Bacillus sp. strain TS-23 (120). This puri- 
fied enzyme had both pullulanase and amylase activities. The 
temperature and pH optima for both pullulanase and amylase 
activities were 70°C and pH 8 to 9, respectively. The enzyme 
remained more than 96% active at temperatures below 65°C, 
and both activities were retained at temperatures up to 90°C in 
the presence of 5% sodium dodecyl sulfate (120). 

In some food industries, enzymes showing activity at lower 
temperatures have been requested for use in food processing. 
Psychrotrophic bacteria are thought to be potential producers 
of these enzymes. Kimura and Horikoshi (103, 105) reported 
that an alkalipsychrotrophic strain, Micrococcus sp. strain 207, 
extracellularly produced amylase and pullulanase. The pullu- 
lanase was purified to an electrophoretically homogeneous 
state by conventional methods. The purified enzyme was free 
of a-amylase activity. It had a pH optimum at 7.5 to 8.0 and 
was relatively thermostable (up to 45°C). The enzyme could 
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hydrolyze the a-l,6-linkages of amylopectins, glycogens, and 
pullulan. Although many alkaline pullulanases have been re- 
ported as described above, no industrial application has been 
developed yet. 

Cellulases 

Alkaline cellulases of alkaliphilic Bacillus strains. Commer- 
cially available cellulases display optimum activity over a pH 
range from 4 to 6. No enzyme with an alkaline optimum pH for 
activity (pH 10 or higher) had been reported before the redis- 
covery of alkaliphiles. Horikoshi and coworkers found bacte- 
rial isolates (Bacillus sp. strains N4 and 1139) producing extra- 
cellular alkaline CMCases (37, 71). One of these, alkaliphilic 
Bacillus sp. strain N-4 (ATCC 21833), produced multiple CM- 
Cases that were active over a broad pH range (pH 5 to 10). 
Sashihara et al. cloned the cellulase genes of Bacillus sp. strain 
N-4 in E. coli HB101.. Several cellulase-producing clones with 
different DNA sequences were obtained (159). Another bac- 
terium, Bacillus sp. strain 1139, produced one CMCase, which 
was purified and shown to have optimum pH for activity at pH 
9.0. The enzyme was stable over the pH range from 6 to 11 (for 
24 h at 4°C and 10 min at up to 40°C). The CMCase gene of 
Bacillus sp. strain 1139 was also cloned in E. coli (38-42). 
Beppu's group (132, 153) constructed many chimeric cellulases 
fromfi. subtilis and Bacillus sp. strain N-4 enzyme genes in an 
effort to understand the alkaliphily of N-4 enzymes. Although 
the genes have high homology, the pH activity profiles of the 
two enzymes are quite different; the B. subtilis enzyme (BSC) 
has its optimum pH at. 6 to 6.5, whereas the Bacillus sp. strain 
N-4 enzyme (NK1) is.active over a broad pH range from 6 to 
10.5. The chimeric cellulases showed various chromatographic 
behaviors, reflecting the origins of their C-terminal regions. 
The pH activity profiles of the chimeric enzymes in the alkaline 
range could be classified into either the BSC or NK1 type, 
depending mainly on the origins of the fifth C-terminal re- 
gions. 

Cellulases as laundry detergent additives. The discovery of 
alkaline cellulases created a new industrial application of cel- 
lulase as a laundry detergent additive. Ito (79a) mixed alkaline 
cellulases with laundry detergents and studied their effect by 
washing cotton underwear. The best results were obtained by 
one of the alkaline cellulases produced by an alkaliphilic Ba- 
cillus strain. However, the yield of enzyme was not sufficient for 
industrial purposes. Tttrand coworkers "(79, 203) J then-isolated 
the alkaliphilic Bacillus sp. strain KSM-635 from the soil and 
succeeded in producing an alkaline cellulase as a laundry de- 
tergent additive on an industrial scale. 
.. Besides the KSM-635 enzyme, Shikata et al. isolated three 
strains, alkaliphilic Bacillus strains KSM-19, KSM-64, and 
KSM-520, producing alkaline cellulases for laundry detergents 
(163). The activities of these enzymes (pH optima; 8.5 to 9.5) 
were not inhibited at all by metal ions or various components 
of laundry products, such as surfactants, chelating agents, and 
proteinases. With a view to increasing industrial production, 
Sumitomo et al. (173, 174) overexpressed the alkaline cellulase 
of alkaliphilic Bacillus sp. strain KSM-64 by using B. subtilis 
harboring the vector pHSP64 carrying the cellulase gene. By 
this process, they produced 30 g of alkaline cellulase in 1 liter. 
After the discovery of the industrial application of alkaline 
cellulase as a detergent additive, many microbiologists have 
extensively studied alkaline cellulases (52, 58, 77, 93, 129, 158). 
Further details are reviewed by Ito (78). 

Alkaline cellulases from other alkaliphiles. Park et al. (152) 
and Damude et al. (24). studied a semialkaline cellulase pro- 
duced by alkaliphilic Sireptomyces strain KSM-9. Dasilva et al. 



(25) reported two alkaliphilic microorganisms, Bacillus sp. 
strain B38-2 and Sireptomyces sp. strain S36-2. The optimum 
pH and temperature of the crude enzyme activities ranged 
from 6.0 to 7.0 at 55°C for the Sireptomyces strain and 7.0 to 8.0 
at 60°C for the Bacillus strain. However, the results indicated 
that the properties of these enzymes were not appropriate for 
industrial purposes. 

Lipases 

Although the initial motivation for studying alkaline lipase 
was its application to detergents, many alkaline lipases were 
significantly inhibited in the presence of either alkylbenzene 
sulfate or dodecyl benzene sulfonate. 

Watanabe et al. (197) conducted an extensive screening for 
alkaline lipase-producing microorganisms from soil and water 
samples. Two bacterial strains were selected as potent produc- 
ers of alkaline lipase. These were identified as Pseudomonas 
nitroreducens nov. subsp. thermotolerans and P. fragi. The op- 
timum pH of the two lipases was 9.5. Both enzymes were 
inhibited by bile salts such as sodium cholate, sodium deoxy- 
cholate, and sodium taurocholate at 0.25%. However, further 
work has not been reported. 

A thermophilic lipase-producing bacterium was isolated 
from a hot-spring area of Yellowstone National Park (196). 
The organism, characterized as a Bacillus sp., grew optimally at 
60 to 65°C and in the pH range from 6 to 9. The partially 
purified lipase preparation had an optimum temperature of 
60°C and an optimum pH of 9.5. It retained 100% of the 
original activity after being heated at 75°C for 30 min. It was 
active on triglycerides containing fatty acids having a carbon 
chain length of C 16:0 to C I2: o, as well as on natural fats and oils. 

Bushan et al. (12) found a lipase produced from an alkali- 
philic Candida species in a solid-state fermentation. The lipase 
from this microorganism had temperature and pH optima of 
40°C and 8.5, respectively, and was stable at 45°C for 4 h. The 
enzyme activity was stimulated by Ni 2+ " and Ca 2+ ions but 
inhibited by Fe 2+ and Fe- 1+ ions. 

Xylanases 

The first paper describing the isolation of a xylanase from 
alkaliphilic bacteria was published in 1973 by Horikoshi and 
Atsukawa (70). The purified enzyme of Bacillus sp. strain 
C-59-2 exhibited a broad optimal pH ranging from 6.0 to 8.0. 
In the culture broth of Bacillus halodurans -G-l-25, two -xyla- 
nases were found (64). Xylanase A had a molecular weight of 
43,000, and xylanase N had a molecular weight of 16,000. 
Xylanase N was most active at pH 6 to 7, and xylanase A was 
most active pH 6 to 10 and had some activity at pH 12. The 
xylanase A gene was cloned, sequenced, and expressed in E. 
coli (59-63). Four thermophilic alkaliphilic Bacillus strains 
(Wl [JCM2888], W2 [JCM2889], W3, and W4) produced xy- 
lanases (149, 150). The pH optima for enzyme action of strains 
Wl and W3 was 6.0, and that for strains W2 and W4 was 
between 6 and 7. The enzymes were stable between pH 4.5 and 
10.5 at 45°C for 1 h. The optimum temperatures of xylanases of 
Wl and W3 were 65°C, and those of W2 and W4 were 70°C. 
The degree of hydrolysis of xylan was about 70% after 24 h of 
incubation. 

Since the demonstration that alkali-treated wood pulp could 
be biologically bleached by xylanases instead of by the usual 
environmentally damaging chemical process involving chlo- 
rine, the search for thermostable alkaline xylanases has been 
extensive. Dey et al. isolated an alkaliphilic thermophilic Ba- 
cillus strain (NCIM 59) that produced two types of cellulase- 
free xylanase at pH 10 and 50°C (27). Khasin et al. reported 
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that alkaliphilic B. stearothermophilus T-6 produced an extra- 
cellular xylanase that optimally bleached pulp at pH 9 and 65°C 
(90). Nakamura et al. also reported that an alkaliphilic Bacillus 
strain, 41M-1, isolated from soil, produced multiple xylanases 
extracellularly (140, 142, 143). One of the enzymes, xylanase J, 
was most active at pH 9.0. The optimum temperature for the 
activity at pH 9.0 was around 50°C. Then, an alkaliphilic and 
thermophilic Bacillus strain, TAR-1, was isolated from soil 
(141). The xylanase was most active over a pH range of 5.0 to 
9.5 at 50°C. Optimum temperatures of the crude xylanase 
preparation were 75°C at pH 7.0 and 70°C at pH 9.0. These 
xylanases did not act on cellulose, indicating a possible appli- 
cation of the enzyme in biological debleaching processes. 

Blanco et al. reported that an enzyme from Bacillus sp. strain 
BP-23 facilitated the chemical bleaching of pulp, generating 
savings of 38% in terms of chlorine dioxide consumption (14). 
Recently, Garg et al. reported a biobleaching effect of Strep- 
tomyces thermoviolaceus xylanase on birchwood kraft pulp. S. 
thermoviolaceus xylanase had the advantage of activity and 
stability at 65°C (43, 44). 

Subsequently, many thermostable alkaline xylanases have 
been produced from various alkaliphiles isolated from geother- 
mal areas (28, 122, 175). 

Pectinases 

The first paper on alkaline endopolygalacturonase produced 
by alkaliphilic Bacillus sp. strain P-4-N was published in 1972 
(68). The optimum pH for enzyme action was 10.0 for pectic 
acid. Fogarty and coworkers (33, 85) then reported that Bacil- 
lus sp.. strain RK9 produced endopolygalacturonate lyase. The 
optimum pH for the enzyme activity toward acid-soluble pectic 
acid was 10.0. Subsequently, several papers on potential appli- 
cations of alkaline pectinase have been published. The first 
application of alkaline pectinase-producing bacteria in the ret- 
ting of Mitsumata bast was reported by Yoshihara and Koba- 
yashi (202). The pectic lyase (pH optimum 9.5) produced by 
the alkaliphilic Bacillus sp. strain GIR 277 has been used in 
improving the production of a type of Japanese paper. A new 
retting process produced a high-quality, nonwoody paper that 
was stronger than the paper produced by the conventional 
. method. .Tanabe et al.JxiedJo develop a new waste-treatment 
by using the alkaliphilic Bacillus sp. strain GIR 621-7 (184, 
185). Cao et al. isolated four alkaliphilic bacteria, NT-2, NT-6, 
NT-33, and NT-82, producing pectinase and xylanase (20). 
One strain, NT-33, had an excellent capacity for degumming 
ramie fibers. 



Chitinases 

Tsujibo et al. isolated chitinases from the alkaliphilic Nocar- 
diopsis albus subsp. prasina OPC-131 (195). The isolate pro- 
duced two types of chitinases. The optimum pH of chitinase A 
was pH 5-.0, and that of chitinase B was pH 7.0. Recently, 
Bhushan and Hoondal isolated the alkaliphilic, chitinase-pro- 
ducing Bacillus sp. strain BG-11 (13). The purified chitinase 
exhibited broad pH and temperature optima of 7.5 to 9.0 and 
45 to 55°C, respectively. The chitinase was stable between pH 
6:0 and 9.0 at 50°C for more than 2 h. Ag + , Hg 2+ , dithiothre- 
itol, p-mercaptoethanol, glutathione, iodoacetic acid, and io- 
doacetamide inhibited the activity up . to 50%. No further stud- 
ies have been reported. 



METABOLITES PRODUCED BY ALKALIPHILES 
2-Phenylamine 

Hamasaki et al. found that a large amount of 2-phenyleth- 
ylamine was synthesized by cells of the alkaliphilic Bacillus sp. 
strain YN-2000. This amine was secreted in the medium during 
cell growth (54). 

Carotenoids of Alkaliphilic Bacillus Strains 

Aono and Horikoshi reported that alkaliphilic Bacillus sp. 
strains A-40-2, 2B-2, 8-1, and 57-1 produce yellow pigments in 
the cells (3) and that these are triterpenoid carotenoids. How- 
ever, A-59, M-29, and Y-25, white strains when grown in Hori- 
koshi-11 medium, did not produce carotenoids. The physiolog- 
ical role of the yellow pigments was not reported. 

Siderophores 

Gascoyne et al. isolated a siderophore-producing alkaliphilic 
bacterium that accumulated iron, gallium, and aluminum (45, 
46). Enrichment cultures initiated with samples from a number 
of alkaline environmental sources yielded 10 isolates. From 
this group, selections were made on the basis of growth at high 
pH and the gallium-binding capacity of the siderophores. It 
was found that some isolates grew well and high concentrations 
of siderophore were detected whereas others grew well in the 
presence of much lower concentrations of siderophore. The 
effect of iron, gallium, and aluminum on growth and sid- 
erophore production in batch culture was investigated for six 
isolates. The presence of iron greatly decreased the sid- 
erophore concentration in these cultures, whereas the re- 
sponse to added gallium or aluminum was dependent upon the 
isolate. 

Cholic Acid Derivatives 

Kimura et al. isolated an alkaliphilic Bacillus strain from soil 
that grew well in media containing cholic acid (CA) at 5% 
(wt/vol) or higher concentrations (98). The 7a- and 12a-hy- 
droxyl groups of CA were efficiently converted to keto groups, 
with the conversion rate for both hydroxyl groups reaching 
100% by 72 h of cultivation. The strain also converted a 3a- 
hydroxy] group to a keto group, but the conversion rate was 
about 5% at 72 h. The strain neither affected any other part of 
the CA molecule nor oxidized 73- or 12fd-hydroxyl groups. By 
NTG mutagenesis, they isolated five mutants that selectively 
produced the following compounds from CA at high yield 
(close to 100%): strains M-4 and M-5 produced 7,12-diketo- 
lithocholic acid, strain 250 produced 7-ketodeoxycholic acid, 
and strains 124 and 336 yielded ketochenodeoxycholic acid. 
Furthermore, strains M-4, M-5, and 250 produced only 7-ke- 
tolithocholic acid from chenodeoxycholic acid. 

Organic Acids 

During the cultivation of alkaliphiles, the pH values of the 
culture media often decrease sharply due to the production of 
organic acids, which are produced by growth on carbohydrates. 
Paavilainen et al. reported comparative studies of organic acids 
produced by alkaliphilic bacilli (151). Four bacilli, Bacillus sp. 
strain 38-2 (ATCC 21783), B. alkalophilus subsp. halodurans 
(ATCC 27557), B. alcalophilus (ATCC 27648), and Bacillus sp. 
strain 17-1 (ATCC 31007), were cultured in the presence of 
various 1% (wt/vol) sugars and related compounds such as 
sugar alcohols. All these alkaliphiles produced acetic acid (4.5 
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to 5 g/liter at the maximum), while formic acid was produced 
by only one of the strains. In contrast to neutrophilic bacilli, 
acetoin, butanediol, and ethanol were not detected. Moderate 
amounts of isobutyric, isovaleric, a-oxoisovaleric, a-oxo-P- 
methylvaleric, a-oxoisocaproic, and phenylacetic acids were 
generated by three of the alkaliphiles. 

Antibiotics and Enzyme Inhibitors 

Since alkaliphiles were rediscovered, many Japanese phar- 
maceutical companies have tried using alkaline media to iso- 
late new microorganisms producing new antibiotics. Although 
several have been found and reported, none are as yet com- 
mercially available. 

The first report was published in 1980 by Sato et al. (160), 
where they recorded the isolation of Paecilomyces lilacinus 
1907 from soil by using an alkaline medium (pH 10.5). New 
antibiotics were produced only under alkaline conditions (pH 
9 to 10.5). P. lilacinus 1901 produced a major product, 1907-11, 
and a minor product, 1907- VIII, which had antibacterial and 
antifungal activities. 

Subsequently, an alkaliphilic Nocardiopsis dassonvillei strain, 
OPC-15, that produced, phenazine antibiotics under alkaline 
culture conditions was isolated (194). Strain OPC-15 grew well 
at pH 10 and accumulated two phenazine antibiotics in the 
mycelia, 1,6-dihydroxyphenazine (I) and 1,6-dihydroxyphena- 
zine 3,5-dioxide (III), at different growth temperatures. Anti- 
biotic I was formed when the organism was cultured at 27°C for ,. 
6 to 8 days, whereas the antibiotic III was formed only when 
the organism was grown at 27°C for 6 days and incubated 
further at 4°C for 2 days. 

Bahn et al. isolated a novel aldose reductase inhibitor, 
YUA001, from the alkaliphilic Corynebacterium sp. strain 
YUA25-1. Compound YUA001 was purified from the super- 
natant of culture broth by successive silica gel column chro- 
matography steps. The molecular formula of YUA001 was 
determined to be C 13 H 19 N02. The compound had no antimi- 
crobial activity against some gram-positive and gram-negative 
bacteria, fungi, and yeasts. (10). 

Besides these antibiotics, many compounds have been found 
and screened by pharmaceutical companies. However, there is 
one weak point in the direct production of antibiotics by alka- 
liphilic microorganisms. Many antibiotics are very unstable 
under alkaline condition, and it is highly possible that antibi- 
oficsTprdlluced are being destroyed "during cultivation. How- 
ever, some alkaliphiles, especially actinomycetes, can grow in 
neutral media under specified conditions, offering a strategy 
for the recovery of bioactive compounds. 

FUTURE OF ALKALIPHILES 

Since the rediscovery of alkaliphilic bacteria, more than 
1,000 papers on many aspects of alkaliphiles and alkaliphily 
have been published. The alkaliphiles are unique microorgan- 
isms, with great potential for microbiology and biotechnolog- 
ical exploitation. The aspects that have received the most at- 
tention in recent years include (i) extracellular enzymes and 
their genetic analysis, (ii) mechanisms of membrane transport 
and pH regulation, and (iii) the taxonomy of alkaliphilic mi- 
croorganisms. What will be the next line of development? It is 
unclear, but it may be the wider application of enzymes. Al- 
kaline enzymes should find additional uses in various fields of 
industry, such as chiral-molecule synthesis, biological wood 
pulping, and more production of sophisticated enzyme deter- 
gents. Furthermore, alkaliphiles may be very good general 
genetic resources for such applications as production of signal 



peptides for secretion and promoters for hyperproduction of 
enzymes. 
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The entire subtilisin structural gene from Bacillus subtilis 1168 has been cloned, and its nucleotide 
sequence .has been determined. When expressed on a high-copy-number shuttle vector, a fivefold increase 
in serine protease activity was observed. The DNA sequence of the gene is 80% homologous to the Bacillus 
'anivloliquefacieits subtilisin structural gene, and the translated mature coding sequence is 85% homologous 
to the published protein sequence of subtilisin BPN'. The chloramphenicol resistance determinant of a 
plasmid integrated at the subtilisin locus was mapped by PBS1 transduction and was found to be linked to 
»/v/? (83%) and argC (60%), but not with metC or purB. The chromosomal locus containing the wild-type 
subtilisin allele was replaced with an in vitro-derived allele of the gene (-lapr-684) that contained a 684-base- 
pair deletion. The technique used for introducing the deletion is a variation of the gene replacement methods 
used in Saccharomyces cerevisiae and Escherichia coli. When used in B. subtilis. deletion mutants could be 
directly screened among the iransformants. Physiological characterization of the \apr-6H4 mutation 
revealed no discernible effect on. the formation of heat-resistant endospores. but strains carrying the 
mutation produced only 10% of wild-type serine protease activity. A model is presented that outlines the 
pathway for plasmid integration and deletion formation in B. subtilis. 



Under conditions of nutrient deprivation. Bacillus subtilis 
Ilfi8 initiates a developmental program from which heat- 
resistant endospores are produced. Closely associated with 
ihis temporal and sequential order of gene expression is the 
appearance of an esterase and at least two proteases in the 
supernatant of the culture. The two best-characterized pro- 
teases are the neutral protease, a metalloenzyme sensitive to 
t'.DTA. and an alkaline protease (subtilisin), a serine prote- 
ase sensitive to phenyjmethylsulfonyl fluoride (17. 18. 26. 
44). 

Considerable controversy has been generated over wheth- 
er, these hydroiytic enzymes have a role in the normal 
development of the endospore or act simply as scavenging 
enzymes when usable nutrients have been depleted from the 
medium (14. 31). Mutations that block sporulation at the 
earliest stage of development (stage 0 mutations) are pleio- 
iropic and result in the secretion of little or no subtilisin into 
the culture supern atant An alysis-of-mutat-ions-i-n- these spot) 
loci has resulted in. the suggestion by some investigators that 
ihe expression of extracellular subtilisin is required for 
normal sporulation (14, 31). Many of the subtilisin-deficicnt 
mutants that have been isolated are pleiotropic and are 
.blocked at tin early stage in sporulation (17. 18). Shoer and 
Rappaport (39) characterized a B. subtilis 1168 serine prote- 
ase mutant and isolated an extracellular protein that was 
shown to be a fragment, of the wild-type enzyme. Further 
characterization showed only 1 in 53 molecules to be func- 
tional.. but the strain carrying the mutant allele sporulated 
normally (39). The chromosomal map location of this muta- 
tion was not determined. Mutations have been isolated in the 
structural gene of- the neutral protease inprE locus), and 
studies have shown that a functional gene product is not 
required for normal sporulation (26, 44). 

In this paper, the structural gene of Bacillus amyloliquefa- 
ciens subtilisin was used as a hybridization probe to isolate 
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the B. subtilis 1168 subtilisin gene. The nucleotide sequence 
of the B. subtilis subtilisin gene was determined, and the map 
location was determined by integrating it chloramphenicol- 
resistant plasmid at the subtilisin iocus. This particular 
method of mapping cloned genes in B. subtilis is a widely 
accepted technique (9. 13). Thechromosomal locus contain- 
ing the subtilisin gene was then replaced in vivo with an in 
vitro-derived version of the gene that contained a 684-basc- 
pair (bp) deletion. The technique used has been termed gene 
replacement and is a variation of methods reported for use in 
Saccharomyces cerevisiae and Escherichia coli (12. 36. 40). 
Physiological characterization of the subtilisin deletion mu- 
tation in B. subtilis 1168 revealed no discernible effect on 
endospore development. However, strains carrying the dele- 
tion mutations produced only 10% of wild-type serine prote- 
ase activity. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. The bacterial strains used In 
this study are listed in Table 1. E. coli MM 294 was cultured 
in L broth and transformed by the procedure of Dagert and 
Ehrlich (6). B. subtilis strains were cultured on tryptose- 
blood agar base (Difco Laboratories) or minimal glucose 
medium and were transformed by the procedure of Anagnos- 
topotilos and Spizizen (2). The preparation of PBS1 trans- 
ducing iysates and PBS1 transduction and mapping have 
been described elsewhere (15). The cloning vector used in 
this study is pBS42. an E. coli-B. subtilis shuttle vector (4). 
The plasmid consists of the pBR322 origin of replication, the 
pUBllO origin of replication, and the chloramphenicol ace- 
tyl transferase gene from pC194. a Staphylococcus aureus 
plasmid. The plasmid pJHIOl (TO) was kindly provided by .1. 
Hoch. The plasmid pS4 contained the subtilisin structural 
gene from B. amxloliqucfacicns and was kindly provided by 
J. Wells (46). 

Media and reagents. Bacterial alkaline phosphatase. Kpnl. 
and HincW were from Bethesda Research Laboratories. Inc. 
Pvul. Pvull. EcoR\. /Vcol. T4 DNA ligase. and the large 
fragment of DNA polymerase I were from New England 
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TABLE 1. Designation, genolype. and origin of strains of tf. 
suhlilis 



Strain 


Relevant genotype 


Origin 







1168 


lrpt'2 


.1. A. Hoch 




JH703 


trpC2 plu'AI2 X<ip<it)At>77 


J. A. Hoch 




1A84 


xlyB.U melDI 


BGSC" 




I A 1 5 1 


arx'C-J liisAI phe-l cut A 


BGSC 




BGlft 


purtM) melBj leuAX lys-21 


A . Uahzzi < r li 


1 (irO ) 




his A rh.r-5 sac AMI 






BG31 


xlyBIJJ hisH ihciA2V ilii-7/j 


Prozorov 






rccll342 






BG77 


trpC2 prl-77 


\'~rf v [ i dv' 1 
iN 1 U X 1 loo 




BG81 


mciB5 prt-77 


dCj to UNA 


dU" 


BG84 


2\spoOA677 prl-77 


J H7U3 UNA a 




BG2014 


IrpCl tipr-l ::pIV6 


plvn UNA >- 


1 Loo 


BG2015 


ftlYaljj htsrt meiAJV ihi-/a 


pi Vfi UNA - 


tlUJ i 




rccH342 «pr-/::plV6 






BG2016 


irpC2 prtJ7apr::p\DVl.4 


plDV1.4 DNA 


x BG77 


BG2017 


irpC2 prl-77 Aapr- 


plDVl'.4 DNA 


x BG77 




6.S4::pIDV1.4 






BG2018 


lrpC2 prl-77 \apr-684 


Cm' of BG201 


V' 


BG2019 


±apr-684 


BG2018/PBS1 


■■: 1AK4 


BG202O 


ari;C4 hisAI phe-l cut A 


plV6 DNA x 


IA151' 




apr-l::pW6 







" Bacillus Genetic Stock Center. Columbus. Ohio. 

* The protease deficient mutation, prt-77. was obtained by ,V- 
methyl-A''-nitro-;V-nitrosoguanidine (NTG) mutagenesis of strain 
1168. The phenotype of this mutant is explained in the text. 

'' Strain BG77 was transformed with BGl^ DNA. 



J When the plasmid pIV6 was transformed into strain BG77. a 
protease-deficient phenotype was observed (data not shown), in 
theory this plasmid should interrupt the sublilisin-coding sequence 
•upon integration; consequently all strains transformed with this 
plasmid were assigned a genotypic designation of «pr-/:;plV6. 

'' A spontaneous chloramphenicol-sensiiive derivative of strain 
BG2017 was isolated by growth of the culture in the absence of 
antibiotic selection. 

' Strain 1A84 was transduced with a PBS1 Ivsate made from strain 
BG2018. 



Biolabs: Selection for plasmid transformants in E coli was 
on LB agar containing 12.5 u.g Of chloramphenicol per ml. 
Plasmid transformants of B. sttbtilis were selected on tryp- 
tose-blood agar base or LB plus skim milk agar supplement- 
ed with 5 u.g of chloramphenicol per ml. LB plus skim milk 
agar contained 1.5% (wt/wt) Carnation powdered nonfat 
TrTttk. LB plus starch agar contained \% TwtAvij soluble 
starch (Sigma Chemical Co.). Serine protease activity was 
assayed in soitition by measuring the change in adsorbance 
at 412 nm per minute upon incubation with 0.2 mg of 
succinyl(-i.-Ala-L-Ala-L-Pro-L-Phe)/;-nitroanilide ( Vega) pet- 
mi in 0.1 M sodium, phosphate (pH 8) at 25°C (7. 46). 
Cultures were grown to the late-logarithmic phase of growth 
in modified Schaeffer medium (17): upon continued incuba- 
tion, samples were removed every 2 h to assay supernaiants 
for subtilisin activity. The percentage of mature endospores 
was determined from dual platings on tryptose-blood agar 
base plates before and after heating samples of the culture 
for 10 min at 80°C. /V-Methyl-/V'-nitro-.\'-nitrosoguanidine 
mutacenesis was performed bv the method of Adelberg et al. 
(1). " : 

Physical characterization of the cloned DNA. Plasmid DNA 
was prepared from E. coli transformants by the alkaline lysis 
method of Birnboim and Doly (5). B. subtilis chromosomal 
DNA was prepared by the method of Marmur (22). DNA 
fragments from restriction enzyme digests were resolved and 
analyzed by electrophoresis on 1% agarose or 69c polyacryl- 
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amide gels. Restriction fragments to be sequenced were 
ligated into appropriate sites of Ml 3 phage vectors mpS or 
mp9 (25). DNA sequencing was carried out by dideoxy 
methods (35). DNA probes were labeled with |«- ,: P|CTP bv 
nick translation (32). For Southern hybridization analvsis. 
digested DNA fragments were separated on Y'.'r agarose and 
depurinated as described by VVahl et al. (45). The DNA was 
transferred to nitrocellulose by the method of Southern (41 1. 
Hybridization and washings were performed as described by 
Maniatis et al. (201. 

RESULTS 

Isolation of protease-deficient mutants. To facilitate selec- 
tion of plasmids conttiining protease genes, a strain that was 
deficient in protease production was constructed. Strain 1168 
was mtitagenized with ;V-methyl-A''-nitro-.'V-nitrosoguani- 
dine and plated on skim milk plates. Colonies producing a 
smaller halo were picked for further analysis. Each colony 
was characterized for protease production on skim milk 
plates and amylase production on starch plates. One such 
isolate, which was partially protease deficient (Pit" "!. 
iimyla.se positive, and sporulation positive, was designated 
BG77. and the mutation was designated prt-77 . The prt-77 
allele was placed in a spoOA background by congression 
(Table 1). This strain. BG84. was completely devoid of 
protease activity on skim milk plates. 

Cloning and expression. Southern blot analysis of. B. 
subtilis 1168 chromosomal DNA digested with EcoRl 
showed (hat a single 6-kilobase (kb) EcoRl fragment hybrid- 
ized with a labeled fragment from the B. umyloliqucfucicns 
subtilisin gene (46: J. Wells, unpublished results). Slices in 
the 6-kb range were cut from a preparative agarose gel of 
cVoRl-digested 1168 DNA. The DNA was electroeluted and 
ligated into pBS42 that had been digested with EcoRl and 
treated with bacterial alkaline phosphatase. Amplification of 
the ligation mixture was accomplished by transforming E. 
coli MM 294 and isolating plasmid DNA from a suspension of 
5.000 pooled colonies. This plasmid pool was transformed 
into B. subtilis BG84 (Table 1). a protease-deficient strain, 
and protease overproducing colonies were screened by 
plating on LB agar plus skim milk. Plasmid DNA was 
isolated from protease overproducing colonies and examined 
by Sotithern analysis for a 6-kb EcoRl insert that hybridized 
to a fragment from the C terminus of the subtilisin structural 
gene from B. amyloliquefai icns . A positive clone was identi- 
fied by hybridization, and the plasmid was designated 
pS 168.1. B. subtilis BG84 transformed with pS168.1 secreted 
serine protease at a ievel fivefold over that produced in R. 
subtilis i 168. B. subtilis BG84 does not produce detectable 
levels of serine protease when assayed with the specific 
chromogenic substrate as described above. The addition of 
EDTA to the supernaiants did not affect the assay results, 
but the addition of phenyimethyisuifonyi fluoride to the 
supernaiants reduced protease activity to undetectable lev- 
els. 

Physical characterization of the cloned DNA. A partial 
restriction map of the 6.5-kb EcoR\ insert is shown in Fig. 1. 
The subtilisin gene was localized to within the 2.5-kb Kpn\- 
/•n;RI fragment by subcloning in pBS42 the two Kpn\-EcoR\ 
fragments and testing for overexpression of subtilisin in B. 
subtilis BG84. Southern hybridization experiments with a 
labeled fragment from the C terminus of the B. amyloliqiiefu- 
ciens subtilisin gene as a probe localized the C terminus of 
the B. subtilis gene to within or part of the 631-bp Hindi 
fragment B in the right-end Kpnl-EcoRl fragment (Fig. 1). 
The tandem HiticW fragments B. C. and Dand /y//icll-£V<;RI 
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fragment E (Fig. 1) were ligated into the appropriate MB 
vector lor DNA sec l uence analysis. The sequence of this 
^.gj,,,! is shown in Fig.' 2. 

Mapping <>f the subtilisin structural gene by PBS1 transduc- 
tion. I'he 516-bp Hindi fragment C. which contains part of 
,he. putative "pro" sequence and approximately 509; of the 
puling sequence for mature subtilisin (Fig. 1 and 2). was 
Ijeated into pJHIOl.that had been digested with Hindi and 
ireaicd with bacterial alkaline phosphatase. This plasmid. 
p|V7i. was transformed into B. subtilis 1 168 and strain BG31. 
;in d single colony transformants were colony purified twice 
and used to prepare PBS1 transducing lysates. These strains 
were designated BG2014 and BG2015, respectively (Table 
ll. Strains IA84 and IA151 were transduced with a PBS1 
lysate made from BG2014, and chloramphenicol resistance 
u: ,s found to be linked to glyB (83%) and argC (60%). 
Additional linkage data were accumulated in a three-factor 
cross. IglyB. Cm r . metA). when BG31 was transduced with 
this same lysate. The results of a five-factor cross with glyB. 
cat A. metD. and argC are shown in Table 2. Figure 3 
summarizes the linkage data and shows the order to be iglvB 
nil A) Cm' metD argC metA. 

Isolation of the structural gene deletion mutation. To con- 
struct an integration plasmid carrying a defective subtilisin 
gene with a 684-bp deletion, a two-step ligation was re- 
quired. These constructions are illustrated in Fig. 4. The 
plasmid carrying the 6.5-kb insert. pS168.1, was digested 
with tVcRI. and the single-stranded ends were filled in with 
the appropriate deoxynucleotides by treatment with the 
Klenow fragment of DNA polymerase I. This DNA was 
restricted with Hindi, and the 800-bp EcoRl-Hindl frag- 
ment E (Fig. ll. which contains, in part, the 5' end of the 
subtilisin gene, was purified by electroeluiion from a prepar- 
ative polyacrylamide gel. This fragment was ligated into 
pJHlOl that had been digested with Hindi. The resultant 
plasmid. pIDVl. contained fragment E in the orientation 
shown in Fig. 4. Hindi fragment B of pS168,l. which 
contains the 3' end of the subtilisin gene, was gel purified as 
described above and ligated into pIDVl that had been 
digested at the unique Hindi site. Restriction analysis of the 
resulting plasmids identified one. designated pIDV1.4. that 
contained, fragment B in the correct orientation with respect 
to fragment E. This plasmid pIDV1.4 contains a deletion 
derivative of the subtilisin gene and portions of the 5' and 3' 
flanking sequences. 

tpon tran storm a troirdf-fl-. sitbrilti BG77 iprt-77. Pit ' ~) 
with plDV1.4. two classes of Cm r transformants were ob- 
tained. 75% showed parental level of proteases (Prt " " ). and 
2/-' appeared almost completely protease deficient (Prt ) as 
observed by zones of clearing on plates containing LB agar 
plus skim milk. The Crh r Prt" class was unexpected and 
could not be due to a single crossover integration of the 
plasmid at the homologous regions for fragment E or B 
because the gene would hot be interrupted. In fact, when 
either fragment E or B was ligated independently into 
pJHIOl and subsequently transformed into B. subtilis BG77. 
the protease-deficient phenotype was not observed (data not 
shown). The Cm' phenotype of Cm r Prt" plDV1.4 transfor- 
mants was found to be unstable, and Cm" Prt" derivatives 
could be isolated at a frequency of about 0.1% after 10 
generations of growth in minimal medium in the absence of 
antibiotic selection. '. 

Chromosomal DNA was obtained from I3G77 and the CnT 
Pit". Cm r Prt". and Cm r Prt"'" derivatives of transforma- 
tions with pIDV1.4. These chromosomal DNA preparations 
were: digested with EcoRl and \'col. electrophoresed on 
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FIG. 1. Partial restriction map of the 6.5-kb EcoRl fragment that 
contains the functional D. subrili.s 1168 subtilisin structural gene. A 
functional gene is contained within the expanded map of the 2.5-kb 
Kpn\-EcnR\ subclone. The tandem //i'/icll fragments and the 
////icH-ccc;RI fragment are functionally labeled with the letters A 
through E to aid in the description of plasmid constructions and the 
data presented in Fig. 5 and 6. Fragments C and I) are entirely 
wnhin the proposed translated sequence of subtilisin. whereas 
fragments B and E contain part of the }' and 5' translated sequence, 
respectively. 



agarose gels, and transferred to nitrocellulose filters. The 
hybridization pattern of these DNAs. when probed with the 
labeled 2.5-kb Kpnl-E<:oRl fragment (Fig. 1). is shown in 
Fig, 5. The structure of the chromosome at the wild-tvpe 
subtilisin iocus is diagramatically shown and confirmed by 
the hybridization data in lane 6. The 1.7-kb EcoRl-Nah 
band contains the 684-bp sequence to be deleted. Lane d is 
DNA isolated from a Cm' Prt ' " transformant (BG2016). As 
seen from data, the structure of this particular Cm'' Prt' ~ 
transformant was derived from a single crossover and inte- 
gration ol'the plasmid at t he homologous region for fragment 
E. Lane c contains DNA isolated from a Cm' Prt" transfor- 
mant (BG2017): when the structure is determined from the 
Southern data, the only difference between the Cm' Prt" and 
Cm'' Prt ' " strains is the 684-bp deletion (fragments C and D) 
within the subtilisin structural gene. Lane a contains DNA 
from the Cm" Prt" strain (BG2018) and is a Cm s derivative of 
BG2017 (lane c). No plasmid DNA remained at the subtilisin 
locus, but. as expected, the EcoR\-\'col fragment is reduced 
in size from 1.7 kb (lane b) to 1.0 kb^lane a). Other 
enzymatic digests and Southern blots have confirmed the 
architecture of these DNAs to be as illustrated in Fig. 5 (data 
not shown). 

The genotypic designations for the plDV1.4 transformants 
and derivatives were assigned as follows. The Cm 5 Prt" 
phenotype carries no delectable plasmid DNA. but does 
carry a 684-bp deletion within the subtilisin structural gene 
; j<;/;r-iVw). The Cm' Pit" phenotvpe carries the deletion and 
plDV1.4 <A«pr-6<W::plDV1.4). whereas the Cm' Pit ' " 
strain has no mutation, but carries pIDV1.4 integrated at the 
npr locus U//;r::plDV1.4). 

Because the exact nature of the prt-77 mutation in B. 
subtilis BG77 was not fully understood and to simplify 
interpretations of the protease assay and sporulation data, 
the lapi-684 allele was transferred to B. sithtilis IAS4 by 
PBS I transduction. The apr locus maps between glyB and 
mciD. so GlyB' MetD' transductants were selected by 
infecting B. subtilis IA84 with a transducing lysate prepared 
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1 GATATACCTAAATAGAGATAAAATCATCTCAAAAAAATGGGTCTACTAAAATATTATTCCATCTATTACAATAAATTCACAGAATAGTCTTTTAAGTAAG 



101 



.185 



-100 

fMet Arg Ser lys Lvs Leu Trp Me Ser Leu Leu Phe Ala Leu Thr Leu 
TCTACTCTGAATTTTTTTAAAAGGAGAGGGTAAAGA GTG AGA AGC AAA AAA TTG TGG ATC AGC TTG TTG TTT GCG TTA ACG TTA 



-90 -80 -70 

He Phe Thr Met Ala Phe Ser Asn Met Ser Ala Gin Ala Ala Glv Lys Ser Ser Thr Glu Lys Lvs Tyr [le Val 

ATC TTT 'ACG ATG GCG TTC AGC AAC ATG TCT GCG CAG GCT GCC GGA AAA AGC AG T ACA GAA AAG AAA TAC ATT GTC 



260 



335 



-60 -50 
Gly Phe Lys Gin Thr Met Ser Ala Met Ser Ser Ala Lvs Lys Lys Asp Val Me Ser Glu Lys Gly Gly Lys Va 1 
GGA TTT AAA CAG ACA ATG AGT GCC ATG AGT TCC GCC AAG AAA AAG GAT GTT ATT TCT GAA AAA GGC GGA AAG GTT 



-40 ' -30 -20 

Gin Lys Gin Phe Lys Tyr Val Asn Ala Ala Ala Ala Thr Leu Asp Glu Lys Ala Val Lys Glu Leu Lys Lys Asp 
CAA AAG CAA TTT AAG TAT GTT AAC GCG GCC GCA GCA ACA TTG GAT GAA AAA GCT GTA AAA GAA TTG AAA AAA GAT 



4 10 



-10 -1 1 10 

Pro Ser Val Ala Tyr Val Glu Glu Asp His Me Ala His Glu Tyr Ala Gin Ser Val Pro Tyr Gly Me Ser Gin 
CCG AGC .GTT GCA TAT GTG GAA GAA GAT CAT ATT GCA CAT GAA TAT GCG CAA TCT GTT CCT TAT GGC ATT TCT CAA 



20 30 32 

lie Lys Ala Pro Ala Leu His Ser Gin Glv Tyr Thr Gly Ser Asn Val Lys Val Ala Val Me Asp Ser Gly lie 

485 ATT AAA GCG' CCG GCT CTT CAC TCT CAA GGC TAC ACA GGC TCT AAC GTA AAA GTA GCT GTT ATC GAC AGC GGA ATT 

40 50 60 

Asp Ser Ser His Pro Asp Leu Asn Val Arg Gly Glv Ala Ser Phe Val Pro Ser Glu Thr Asn Pro Tyr Gin Asp 

560 GAC TCT TCT CAT CCT GAC TTA AAC GTC AGA GGC GGA GCA AGC TTC GTA CCT TCT GAA ACA AAC CCA TAC CAG GAC 

64 70 80 

Gly Ser Ser His Glv Thr His Val Ala Glv Thr Me Ala Ala Leu Asn Asn Ser Me Glv Val Leu Gly Val Ser 

635 GGC AGT TCT 'CAC GGT ACG CAT GTA GCC GGT ACG ATT GCC GCT CTT AAT AAC TCA ATC GGT GTT CTG GGC GTT AGC 

90 100 HO 

'Pro Ser Ala Ser Leu Tyr Ala Val Lys Val Leu Asp Ser Thr Gly Ser Gly Gin Tyr Ser Trp Me Me Asn Gly 

710 CCA AGC GCA TCA TTA TAT GCA GTA AAA GTG CTT GAT TCA ACA GGA AGC GGC CAA TAT AGC TGG ATT ATT AAC GGC 

120 130 

Me Glu Trp Ala Me Ser Asn Asn Met Asp Val Me Asn Met Ser Leu Gly G 1 y Pro Thr Cly Ser Thr Ala Leu 

. 785 ATT GAG TGG GCC ATT TCC AAC AAT ATG GAT GTT ATC A.AC ATG AGC CTT GGC GGA CCT ACT GGT TCT ACA GCG CTG 

140 150 160 

■ Lys Thr Val Val Asp Lys Ala Val Ser Ser Gly Me Val Val Ala Ala Ala Ala Gly Asn Glu Gly Ser Ser Gly 

860 AAA ACA GTC GTT GAC AAA GCC GTT TCC AGC GGT ATC GTC GTT GCT GCC GCA GCC GGA AAC GAA GGT TCA TCC GGA 

170 180 

Ser Thr Ser Thr Val Gly Tyr Pro Ala Lys Tyr Pro Ser Thr Me Ala Va! Glv Ala Val Asn Ser Ser Asn Gin 

935 AGC ACA AGC ACA GTC GGC TAC CCT GCA AAA TAT CCT TCT ACT ATT GCA GTA GGT GCG GTA AAC AGC AGC AAC CAA 

190 200 21 0 

Arg Ala Ser Phe Ser Ser Ala Gly Ser Glu Leu A s D Val Met Ala Pro Gly Val Ser Me Gin Ser Thr Leu Pro 

1010 AGA GCT TCA TTC TCC AGC GCA GGT TCT GAG CTT GAT GTG ATG GCT CCT GGC GTG TCC ATC CAA AGC ACA CTT CCT 

220 221 230 

Gly Gly Thr Tyr Glv Ala Tyr Asn Gly Thr Ser Met Ala Thr Pro His Va! Ala Gly Ala Ala Ala Leu Me Leu 

1085 GGA GGC ACT TAC GGC GOT TAT AAC GGA ACG TCC ATG GCG ACT CCT CAC GTT GCC GGA GCA GCA GCG TTA ATT CTT 

■ - - - 250 260 

Ser Lys His Pro Thr Trp Thr Asn Ala Gin Val Arq Asp Arg Leu Glu Ser Thr Ala Thr Tyr Leu Gly Asn Ser 

1160 TCT AAG CAC CCG ACT TGG ACA AAC GCG CAA GTC CGT GAT CGT TTA GAA AGC ACT GCA ACA TAT CTT GGA AAC TCT 



1235 



■ 270 

Phe Tyr -Tyr. Gly Lys Gly Leu lie Asn Va! Gin Ala Ala Ala Gin OC 
TTC TAC TAT GGA AAA GGG TTA ATC AAC GTA CAA GCA GCT GCA CAA TAA 



TAGTAAAAAGAAGCAGGTTCCTCCATACCTGCTTC 



1318 TT TT I ATTTGTCAGCATCC I GATGTTCCGGCGCATTCTCTTCTTTCTCCGCATGTTGAATCCGTTCCATGATCGACGGATGGCTGCCTCTGAAAATCTTC 



1418 ACAAGCACCGGAGGATCAACCTGCTCAGCCCCGTCACGGCCAAATCCTGAAACGTTTTAACACTGGCTTCTCTGTTCTCTGTC 

FIG. 2. Nucleotide sequence of the subtiiisin structural gene and the adjacent regions. The interred translated amino acid sequence is also 
shown. The putative ribosome binding sites and transcriptional terminator are the underlined sequences. The lapr-6S4 allele is characterized 
as a 684-bp deletion mutation beginning with nucleotide 178 and ending with nucleotide 871. 



from BG2018. DNA was prepared from several transdtic- 
tants. and introduction of the deletion mutation was con- 
firmed by Southern hybridization experiments (data not 
shown). When supernatants of B. subtilis carrying lapr-684 
(BG2019) and the wild-type allele (IA84) were assayed for 
extracellular serine protease activity. BG2019 produced 



10-fold less than IA84. This difference was apparent at the 4-. 
6-. and S-h time points in the stationary phase of growth in 
modified Schaeffer's medium. In addition, strains carrying 
either the mutant or the wild-type allele were found to 
produce 80 to 1007c heat-resistani endospores after 24 h of 
crowth in modified Schaeffer medium. 
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TABLE 2. Analysis of the .vlyBJ.I. cutA. ,/pr-/::plV6. met HI. and ar K C4 determinants" 



r 'r of rce«mhin:ini» in the lolliminj: class'' 



E 



I' 



H 



I ni 

GIG ^" 



47.1 

36.7 



18.4 
13.3 



11.6 
18.3 



11.6 



1.1 



1.1 



1.1 



26.7 



■ strain I AW iGly Cat* Cm" Mel Arg*) was transduced with a I'BSl lysate made from strain BG2021 (Cly* Cat Cm' Met " -\rg ) See 
r ,hk- 1 !i>r genotypes. _ . 

i •!.!>■ -c»: A. Gly- Cat Cm r Met " Arg"; B. Gly* Cat" Cm' Met' Arg : C. Glv* Cat" Cm' Met' Arc": D. Glv" Cat" Cm' Mei^r,,' ■ E 
• t ;iv (.'.H Cm' Met" Arg*; F, Gly" Cat* Cm' Met" Arg": G. Gly" Cat " Cm' Met " Arc": H. Glv" Cat" Cm' Met* Arg"' I Gh" Git' Cm' 
Met \tg ; J. Gly Cat* Cm r Met " Arg*; K. Gly* Cat" Cm N Met " Arg" ; L. Glv" Cat" Cm" Met " Arg ". 
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DISCUSSION 

These data show that the cloned gene is the subtilisin 
strtteitiral gene of B. subtihs 1168. When this gene was 
expressed on a high-copy-numbe-r plasmid in 1168. a fivefold 
increase in phenylmethylsutfonyl fluoride-sensitive protease 
activity was observed. The DNA sequence of the gene is 
SO''; homologous to the B. amyloliqucfaciens subtilisin 
structural gene i46K and the translated mature coding se- 
quence is 855? homologous to the protein sequence of 
suhtilisin BPN' (21). Furthermore, the subtilisin amino acid 
active site residues, asp-32, his-64. and ser-221 are con- 
served- in the translated. sequence (21). Strongin et al. (42) 
reported the purification and partial N-terminal amino acid 
sequence of a B. subtilis intracellular serine protease. This 
protein was only 50% homologous to the N termini of the 
.subtilisins: thus it is unlikely that the cloned gene codes for 
that intracellular protease. In fact, southern hybridization 
experiments at low-stringency conditions with the B. subtilis 
subtilisin gene as a probe showed no evidence for a second 
homologous gene (data not shown). 

'"..When an in vitro-derived deletion mutation was intro-"~" 
duced into the chromosome of strain BG77. a phenotypic 
decrease in protease'activity was detected on LB plus skim 
milk agar plates. Super.natants from cultures carrying the 
subtilisin deletion mutation (BG2019) produced only W% of 
wild-type phenylmethylsulfonyl fluoride-sensitive protease 
levels. A certain level of background protease activity was 
expected because of cell lysis and. release of intracellular 
serine proteases during the growth of the cultures and 
because of the secreted esterase (bacillopeptidase F). which 
has been recently described as a serine protease (33). It was 
djlticult to distinguish b etwee n the_ IA84 wildjvpe pheno- 
type on LB plus skim milk agar and the phenotvpe of 
BG2019. which carries the Aapr-684 allele. This perhaps is 
one of the reasons why the isolation of mutations in the 
structural gene of subtilisin has eluded most investigators to 
date. However, if the Aapr-684 allele was introduced into a 
strain carrying the prt-77 mutation.' the difference between 
the Apr" and Apr' phenotypes on skim agar was clear. We 
suspect that the prt-77 mutation is in the structural gene of 
the neutral protease, but our analysis is incomplete, and 
confirmation awaits additional data. 

As shown in Fig. 2. assignments were made for a putative 
Shine-Dalgarno sequence (38) and translational start for the 
ft. subtilis 1168 subtilisin gene. The necessity for stroni: 
complementarity (^G < -11 kcal [ca. -46.1 kJ]) between 
the Shine-Dalgarno sequence of the mRN A and the 3 -OH 
end of the 16S rRNA for efficient translation in Bac illus spp. 
and Staphylococcus spp. genes has been postulated (23. 24. 

Two possible Shine-Dalgarno sequences were identified 
within 350 bp of the start of the mature coding sequence and 
are shown in Fig. 2 as underlined sequences. One sequence 
(A'AAGGCGG) is 129 bp from the start of the mature coding 



sequence, and the other (AAAGGAGAG) is 330 bp from the 
start. As calculated by the method of Tinoco et al. (43). the 
free energies of formation of the most stable double helical 
pairing between the putative Shine-Dalgarno sequences and 
the 3'-OH end of rRNA were -11.6 kcal (ca. -48.6 kJ) and 
-15.4 kcal (ca. -64.5 kJ). respectively. Only the sequence 
AAAGGAGAG has a translational start codon (GUG.) rea- 
sonably spaced (9 bp) 3' and in frame with the mature coding 
sequence. The use of GUG as a translational start codon in 
procaryotic genes has been reported (11). 

It has been proposed (46) that the B. amyloliquefaciens 
subtilisin message is translated as a "prepro" polypeptide. 
This seems to also be the case for the B. subtilis 1168 
subtilisin. In addition to the 275-amino-acid mature coding 
sequence, the putative translated polypeptide includes 106 
additional amino acids of unknown function. The first 23 
amino acids make up a classic signal peptide that includes 
three positively charged residues within the first 5 amino 
acids. The following 12 amino acid residues appear to be the 
hydrophobic core of a signal peptide. A putative signal 
peptidase site is six residues from the end of the hydrophobic 
core and follows the tripeptide Ala-Phe-Ser. The signal 
peptide and signal processing site predictions are based on 
the consensus data of Perlman and Halvorson (30). The 
approximately 83 amino acids between the signal sequence 
and the mature coding sequence is the putative pro se- 
quence; it is unlikely this sequence acts as a signal peptide 
because 33% of its residues are charged amino acids (69% of 
these are positively charged), and no reasonable stretch of 
amino acids resembles a hydrophobic core. 

The work of Anderson et al. (3). comparing the nucleotide 
sequences of human and bovine mitochondrial DNA. pro- 
vides further evidence that the putative prepro is translated. 
When homologous translated sequences were examined, 
they found the least amount of variability in codon position 
2. followed by positions 1 and then 3. This relationship 
deteriorated when untranslated sequences were compared. 
The B. amyloliquejacicits and B. subtilis 1168 subtilisin 
sequences were compared for codon position variability: the 
prepro sequences showed least variability in codon position 



FIG. 3. Linkage relationships among the cat A. .ulyB33. apr- 
/::plV6 (Cm 1 ). metDI . argC4. and melA2V markers. Numerical 
values (100 minus the estimated cotransductional frequencies) are 
the averages of at least two separate experiments. The arrows point 
from the selected to the unselected markers. 
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FIG. 4. Consiruciion of the subiilisin deleiion plasmid plDV1.4. 
Fragments E and B. when ligated in tandem as they appear in Fig. 1. 
consist of the subtilisin gene with a 684-bp deletion within the 
translated coding sequence. Plasmid plDV!.4 contains no origin of 
replication thai functions in B. suhiilis: when transformed into /(. 
suhiilis. it integrates via recombination between homologous se- 
quences on the plasmid and the chromosome. 

2 (11%). followed by' positions 1 (229;) and then 3 (67%). 
Examination of the mature subtilisin sequences revealed 
similar numbers (position 2. 12%: position 1, 19%: position 
3.69%). 

A promoter seque nce fo r the recognition of RNA polymer- 
ase and initiation oT^ranscription could not be identified by 
homology comparison's with consensus promoter sequences 
recently described by Johnson et al. (161. However, since 
the expression of subtilisin is closely associated with t lie 
onset of sportilation and many mutations blocking sporula- 
tion at early stages affect expression levels of subtilisin (14. 
31). transcription of the subtilisin gene is probably under the 
control of a developmentaiiy regulated promoter. An invert- 
ed and repeated sequence (AG = -22.2 kcal [ca. 93.0 k J ] : 42) 
located in the 3' flanking end of the gene (Fig. 2) may be a 
transcriptional terminator because similar sequence> can be 
found in termination regions of" E. coli genes (34) and 
Bacillus spp. genes (37. 46. 47). 

The expected pathway for replacement of a chromosomal 
segment with an altered sequence in S. ccrevisiac and E. coli 
has been well defined (12. 36. 39). In the case of subtilisin. 
integration of pIDV1.4 is mediated by a single crossover 
between fragment E .or B and their homologous regions in 
the chromosome. In either case, both fragments E and B are 
directly duplicated in the resulting structure. Resolution of 
the integrated plasmid by a single crossover between one of 



the two pairs of direct repeats will result either in the 
restoration of the w ild-type gene or a 684-bp deletion within 
the subtilisin structural gene. Consequently, chlorampheni- 
col-sensiiive derivatives of the strain carrying the integrated 
pktsmid must be screened for the mutant phenotype. 

An unexpected class of iransformants was discovered 
when competent cells of BG77 were transformed with 
pIDV1.4. Twenty-five percent of the Cm' transformants had 
a protease-deficient phenotype. This class of transformants 
could not be due to a single crossover integration of pi DV 1.4 
at either of the homologous regions because the subtilisin 
gene would not be interrupted. We reasoned that the Cm r 
Pit"" phenotype was derived from a double crossover re- 
placement between the homologous chromosomal region 
and a concatemer of plDV1.4 (Fig. 5 and 6). This hypothesis 
seems reasonable since linear plasmid concatemers have 
been proposed as intermediates in the pathway for plasmid 
transformation in B. suhiilis (8). At a minimum, a dimer of 
plDV1.4 is required for this replacement pathway. Resolu- 
lion of this structure by a single crossover between either of 
ihe two directly repeated sequences results in the excision of 
the plasmid DNA and the retention of the deletion within the 
subtilisin structural gene (Fig. 5 and 6). 

In summary, a variation of a technique termed gene 
replacement was adapted for use in B. suhiilis 1168 to 
introduce a 684-bp deletion within the subtilisin structural 
gene. This technique is useful in that defined deletion 
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FIG. 5. Structural analvsis of plasmid plDVi.-t integrates rtntt 
derivatives. Shown are Southern hybridization daia and the corre- 
sponding proposed structures of wild-type DNA (Cm' Prt~ ' . BG77. 
lane bi. DNA from strains carrying the A«pr-6iVJ::plDVl .4 allele 
(Cm' Prt . iiC2017. lane c). ihe iapr-684 allele iCm" Prt . BG201N. 
lane a), and the ( ipr::plDV1.4 allele (Cm' Prt' . 1302016. lane d). 
The Southern blot shown is composed of £V«RI-/Vc<>I digests of 
Ihese DN As hybridized with the labeled 2.5-kb Kf>nl-EcoR\ frag- 
ment. The EcoR\ sites are designated E. and ihe .\'co\ siles are 
designated N. The proposed structures show the size and number of 
bands expected for each of these DNAs. Other digestions and 
Southern hybridization experiments tdata not shown) have con- 
firmed these structures. The horizontal lines nexl to the Southern 
blots correspond to fragments 1 through 7 of Him\ Ill-digested X 
DNA. with sizes of 23.1. 9.4. 6.5. 4.3. 2.3. 2.0. and 0.5 kb. 
respectively. 
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FKi. 6. Possible pathway of deletion formation in fi. snhiilis. A 
concaicmer of plasmid plDY1.4 interacts via fragments B and li 
y»::h their homologous regions at the chromosomal subtil is i n locus. 
A double crossover replacement of the wild-type gene with plDVl.4 
and flanking copies of both fragment E and B occurs. As a result of 
this, fragment C and D are deleted, and fragments E and B are 
directly duplicated. This structure was manifested phenotypicaily 
iC'm' Prl ) and confirmed by Southern hybridization experiments 
.(Fig. 5. lane c). Resolution of this structure by a homologous 
recombination event ".between the duplicated fragments B or E 
results in the loss of the plasmid sequence and maintenance of the 
6K4-bp deletion (Fig. 5. lane a). 

muKitiony-of cloned-getrer'can be -introduced into the chro- 
mosome and easily detected by directly screening the pheno- 
t\pes of plasmid iransformants for the desired gene deletion. 
The plasmid phenotype is unstable because of flanking 
directly repeated DNA and is lost'at a frequency of about 
O.i'.' after about 10 generations of growth in nonselective 
media, but the deletion mutation is retained. It is apparent 
from this study that the subtilisin gene product is not 
required for normal sporulation in B. snhiilis 1168. 
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ADDENDUM IN PROOF 

Since this paper was submitted. Wong et al. (46a) have 
reported the DN.A sequence of a fragment of the B. .snhiilis 
subtilisin gene and its map location in the B. snhiilis chromo- 
some. The results reported by Wong et al. are in agreement 
'•sit h- 1 he results we obtained. 
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Summary 

An efficient secretion host-vector system in Bacillus subtilis was constructed 
using two Bacillus amyloliquejacicns genes. sacQ {BamF) responsible for the 
increase of extracellular levansucrase and protease levels and n/yyfor extracellular 
neutral protease. The former was introduced into the genomic DNA of the extracell- 
ular a lkaline _and neutral protease deficient Bacillus subtilis and the latter waTuied 
to construct a secretion vector utilizing the promoter and head portion of the 
prepropeptide coding region. This introduction of sacQ{ BamF), permitted the 
increase, of levansucrase level of the recipient strain. In contrast, the residual 
proteolytic activity of the double mutant was further reduced by sacQ(BamF):Tl\c 
expression level of chloramphenicol acetyl transferase gene located in a multicopy 
plasmid in the double mutant, of which mRNA synthesis was directed by the npr 
promoter, was elevated 1.7-fold by the in'reduciiort of sacQ( BamF). The extracellu- 
lar production level of human growth hormone (hUH) in the double mutant, whose 
gene was -.inserted into the multicopy secretion vector based on npr, was increased 4- 
to 5-fold by the introduction of sacO(BamF). This increase seemed to be mainly 
dependent upon the continuity of the hGH nccumufction even in long cultivation 
rather than stimulation of the production rate. Using this host-vector system, we 
demonstrated the highly efficient secretion of hGl! (200 mg in B. subtilis. 
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Introduction 

Recent advances in recombinant DNA technique h.>v; made secretion of the 
heterologous protein in Bacillus subtilis possible (FaK'a el a!.. 1983; Yamane et a!., 
1985; Honjo et al., 1985). However, the production level of the mammalian protein 
is still low mainly due to the proteolytic activity of the host 11 subtilis (Ulmancn et 
al., 1985). Even in the extracellular alkaline and neutral protease deficient B. 
subtilis, the accumulation level of human interferon /; (Uonjo et al., 1986b) or 
human growth hormone (hGH) (Honjo. unpublished dat \) was reduced by the 
residual proteolytic activity. Therefore to increase the extracellular production level 
of mammalian protein in B. subtilis, further reduction of the proteolytic activity 
present is necessary even in the double protease mutant. 

On the other hand, enhancement of the expression of the heterologous gene is 
considered to be contributory to the increased accumulation of the target product. 
Previously, we have reported the cloning, sequencing and expression of a novel B. 
amyloliquefaciens gene involved in the increase of extracellular protease levels 
(Tomioka et al., 1985). Since Yang et al. (1986) have isolated the counterpart of this 
gene from B. subtilis and proved it to be sacQ by mapping, the R. amyloliquefaciens 
gene is denoted sacQ(BamF) here. In the sacQ h strain of B. subtilis, the activity 
levels of levansucrase and proteases are increased (Kunst et al., 1974). Shimotsu and 
Henner(1986) have shown that the elevated Iwinsucrasc level in the sacQ h mutant, 
results from the constitutive increase of its transcripts. This suggests that the 
transcripts of proteases also may b" increased by sacQiliomF) in B. subtilis. 

It is interesting, therefore, to investigate whether sttcQ(BamF) stimulates the 
expression of a heterologous gene of which transcription is directed by the B. 
amyloliquefaciens npr promoter in B. subtilis. However, the introduction of 
sacQ(BamF) into a wi^'-lype strain on proteases of B. subtilis caused the increase 
of extracellular protease levels (Tomioka et al., \Wj). It is considered. Tore, 
essential to use extracellular protease deficient strain av a recipient of xacQ(lUimF) 
to avoid degradation of the target product by inc? eased pi«--tcohiic activity, hi this 
. way it is interesting to discover whether the sucQ{ , ;! ur ;F) introduced into an 
extracellular alkaline and neutral protease deficient strain can stimulate the residual 
proteolytic activity or not. 

In this paper,' we describe the- introduction of sncC(BamF) into a double 
extracellular protease deficient {apr npr) strain of n ^buiis by genetic recombina- 
tion and the characteristics of the resultant strain. The expression of heterologous 
gene by the npr promoter in the obtained strain is also repotted. Furthermore, 
highly efficient production of hGH using the phased secretion vector and the 
resultant strain is discussed. 
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B. subtilis MT400, a derivative of Marburg 1611. is ;1 .-.•.•neiia-iiv engineered 
protease deficient strain of which relevant genotype is apr n pr rcc '. Unless noted 
otherwise, 2 X Luria broth (LB) containing 0.2% glucose -v.-ss ^.-j as \\, JU - K \ medium 
To detect halos around colonies, a casein plate w:r. u'-'-.vj (!.[onjo et al., 1984). 
Protoplast transformation was carried out according to Chang and Cohen' (1979). 
Competent cell transformation was performed as described by Saito et al. (1961). A 
plasmid pPL603 was prepared from B. subtilis 1E31 (Bacillus Genetic Stock Center, 
Ohio University). 

Introduction of sacQ(BamF) into MT400 genomic ON A 

The plasmid pNP181 (1 /tg) was added to 500 ul of competent culture of Mf 400/ 
After the plasmid addition, the culture was incubated for 1 h at 37° C. Then one ml 
of LB supplemented with 7.5 mg ml - 1 of kanamycin was added to the culture. After 
12 h cultivation at 37 °C, cells were harvested by centrifugation. The cells were then 
resuspended in Schaeffer sporulation medium 0.11 (J C LJ f ' i ' red. { n yi pn fps i <; ch .'> \t t n <y 
for 24 h at 37 °C. An aliquot of the culture was diluted 10 "'-fold with saline and 
heated at 80° C for 15 min then plated onto TBAB-pIatcs'coiuaining no antibiotics. 
Colonies grown on the plates were transferred to TBAB -kanamycin (5 /jg ml"') 
plates and casein plates to check kanamycin resisiancy and easeinolytic activity, 
respectively. The loss of the plasmid in the kanamycin sensitive transformant. of 
which caseinolytic activity was repressed, was confirmed by alkaline plasmid 
preparation method (Birnboim and Doly, 1979;. Morphological change of the 
transformant was examined by phase-contrast microscopy. 

SDS-polyacryf amide gel electrophoresis and Western analysis 

SDS-polyacry! amide gel electrophoresis (PAGE) was done according to Laemmli 
(1970). Western analysis was carried out using. Bio-Rad I mmu n-Blot "(GAR-LT. F) 
according to supplier's manual. Rabbit antiserum against human pituitary GH was 
generously supplied by K. Nakajima. 

Assays of enzymes 

Extracellular protease activity was measured by caseinolysis as described previ- 
ously (Honjo et al., 1984) except for the reaction condition. Here, the reaction was 
carried out for 6 h at 40° C. Levansucrasc activity was assayed by the method of 
Dedonder (1966). Chloramphenicol acetyltransferasc (CAT) activity was determined 
colorimetrically using cleared cell lysate according to Shaw (1975) and is expressed 
as /umol of acetylated chloramphenicol per min at 37 °C per mg of protein. 



Materials and Methods 

Bacterial strain, media and transformation 
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Assays of protein and hGH 

Protein concentration was assayed by ihc method of Lowry et al. (1951). Total 
extracellulat protein was determined usir.g the precipitates obtained by trichloro- 
acetic acid addition to the culture supernatant. The concentration of hGH was 
measured by solid phase enzyme immunoassay as described previously (Honjo et al., 
1986a). 

Results 

Introduction of sacQ(BamF) into genomic DNA of MT400 

We have previously cloned sacQ(BamF) in a piasmid pNPlB! (Torruoka ct al., 
1985), whose structure is shown in Fig. 1. To examine the effect of sacQ(BamF) in 



TTGATCTTTC AAAA AAAOGA OT OTOQAAAC G 3 ; G 0 >'- A '•■ A 0 AAA I' r AQAA'T AAQTAAADCA 

f- Mci G!-j l.y» Ly.1 l.su Gl'< O lu Vat Lys 01 

ATTATTATTC COACTTQAAA ATOATA TCAG AOAA ACAACC OACTCATTAC OA A ACATT AA 
nL«uL«uPh» Arq L«U OhiA an Asp t!« Ar g Ohi Thr Thr Ann 3?rU'.i A rgAsn Rb As 

CAAAAQCATT OATCAOCTCQ ATAAATTCTC ATATOCAATQ ■* AA ATTIC !T AAAAAQACT T 
nLys 8er He Asp Gin Leu A sp Lys Pirn S» rlyr At* M»t Lys «» 3c 




Fig. 1. Structure of sacQ(BamF) cloned in pNP181. The potential rih^omc binding .site is underlined. A 
sequence for tentative transcription terminator is shown >"y .irrc-vs. 
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Fig. 2. Halo formation on a casein plate. A. 207- 2 1 ( err n»r 
MT40O; C, MT400(pNP181); D. MT430. The e strains «-cre ■> 

nl 37°C fo! 60 h. 



'••••f-'ch is .i parent strain of MT-tOO: H. 
""d onto a casein piatc and incubated 



the double protease mutant, this plasmid was introduced into B. subtilis MT40Q, 
which forms a slight halo on a casein plate for long- lime incubation (2 days), by 
protoplast transformation. The transformant obtained, MT400(pNP181). was ob- 
served to form no halo around the colony even alter 60 h incubation at 37 °C. Since 
this suggested that sacQ(BamF) did not stimulate the residual proteolytic activity 
of the double protease mutant, this gene was introduced into the genomic DNA of 
MT400 by competent cell transformation as described in Materials and Methods. 

The strain obtained, designated MT430. bearing no plasmid also lost the halo- 
forming ability similarly to MT400(pNriS1) (Fig. 2). To confirm the presence of 
sacQ(BamF) in the MT430 genomic DNA, wc measured the levansucrase activity 
in the medium. The result (Tabic 1) .showed that the enzyme level of MT430 is 
15-fold higher than that of MT400. As for morphology, MT430 was filamentous 
similarly to MT400(pNP181) during logarithmic phase whereas MT400 was not 
(Fig- 3). Furthermore, wc confirmed t.hat the genomic DNA of MT430 could 
transform a B. subii'is wild-type strain en proic :»•.'. •• to be a protease overproducing 
strain. These~results showed that MT430 beared ■'?< Pom/- :> ir. *hc kc::..;::c DNA. 



TABLE 1 

LEVANSUCRASE ACTIVITY 

Cells were grown in LB medium supplemented 
assayed using culture supernatant. 

Strain Growth (A660) 



uc'c-c at 37 °C for 13 h. The activity was 



Relative activity 



MT400 

MT400(pNP181) 
MT430 



2.25 
2.00 
2.21 



.1.0 
31. R 
15.0 
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Fig. 3. Morphological change of MT400 by introducing sacQi ilamF ). A, MT400; B, MT400(pNP181); 
C, MT430. Cells were grown in Antibiotic Medium 3 (Difco Laboratories) at 37 °C for 3 h. 



To examine the change of the extracellular protease level by the introduction of 
sacQ(BamF) t we measured the caseinolytic actniii.es present in Ute media of 
MT430, MT400(pNP181) and MT400, which were cultured for IS h at 30 °C. The 
relative activities in MT430 and MT400(pNPi81) were 0.4 and 0.3, respectively, 
whereas that in MT400 was set at 1.0. As for growth, there was no difference among 
these three strains. 

Expression of CAT gene by npr promoter in MT430 

It has been reported that the expression of /3-ga.lactosidase gene of which 
transcription is directed by levansucrase gene (sacB) is enhanced in the sacQ h 
strain of. B. 'subtilis (Shimotsu and Hcnncr, 1986). Since protease levels are also 
elevated in the sacQ h strain, sacQ(BamF) might, permi t the increased expression of 
heterologous gene of which transcription was under the B. amyloliquefaciens pro- 
tease-gene promoter in B. subtilis. To examine this, a plasmid pPN150-30 (Fig, 4), a 
derivative of pPL603 (Williams et al.. 1981), containing a head portion of B. 
amyloliquefaciens npr preceding a CAT gene (cat -^6), was introduced into MT430 
and MT400. Then, CAT activities of both transformanls were assayed. I he result 
(Table 2) showed that the CAT activity of MT430 was 1. 7-fold higher than that of 
MT400. Although the stimulation level was not so high, sacQ(BamF) could 
enhance the npr-directed expression of heterologous gene in B. subtilis. 

Construction of the hybrid plasmid for hCH secretion 

A plasmid pNP150 is a B. amyloliquefaciens npr clone which we constructed 
previously (Honjo et al., 1984; Shimada ct al., 1985). Using this plasmid, a plasmid 
phGH928 containing a mature hGH gene following the npr segment for the 
promoter and head portion of the prcpropeptidc composed of 48 amino acid 



197 



Sau3AI $;»c.N Sau3AI Sau3AI 




Fig. 4. Construction of pPN150-30 of which cat expression i«; umfcr (he control of B. amylotiquefadens 

npr promoter. 

residues was constructed (Fig. 5). The details of the construction and the secreted 

EGH derived from this piasmid have been described previously <Nafc»Ynm» ct al, 
1987). Since phGH928 contains a mature; B. sub: i lis « --amylase gene following the 

TABLE 2 

EXPRESSION OF CAT-86 BY B. amyloliquefadcns npr PROMOTER 

Cells were grown in 2XLB medium containing 25 jig ml"' cMnr.irrtpfsrniro! ami 0 2% glucose at 30°C 
for 18 h. 



Strain 


CAT activity (Unit) 


MT400(pPN 150-30) 


1 350 


MT430(pFN150-30) 


2 .X)3 



promoter 



*o cglon 



pNP150 
6.4 kb 



ptul«".'r.p — - j«-»t 

S-Trl'.iiiiHI 



BAL3I 



-T4ligar><? 
aprepro-region 
promoter,, ^ 

pNPAOA y 




rvutt 



pOH2fjV) 



,11! 





■D:o n ! 












'*• r> 1 1 c „ i ; ! 



EcoRV 
-Hind 111 
-l-Ol! Kl<?nnw 
7/, Unosc 



1.8!<b Fragment 

1 77 28 i£ 
tmgt— ala ala— -q!n q!y il<? asnsrrr 



rv^ ! 




■-phc 

.§^A!CMlXUAK.<i tic— tick 

Linker -.ivJU. hQiT- 




phGH«7 '"[-SphS 



Fig. 5. Construction of ph.GIM27 from pNPlSO. 
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hGH gene, which had been used as a probe to select an effective portion of npr for 
efficient secretion, we removed the a-amviase gene 1>\ i he digestion with EcoRV 
and Hindlll. Then the resultant protruding end was biunted using Klcnow frag- 
ment and ligated (Fig. 5). The smaller phis-mid obtained was designated phGH427, 
of which stability in long culture was improved bv »!<:•: ;--mova! of n-nmvhsc gene 
(data not shown). ^ • 

Secretion of hGH 

The plnsmid phGH427 was introduced into 3. suhtihs MTC?o and MT400 by 
protoplast transformation. Both transformants were cultured for 15 h ai 30 °C and 
the accumulated hGH in each medium was measured. The strain MT430 harboring 
phGH427 secreted 50 mg 1" ' hGH whereas MT^phGI 1427) secreted 11 mg 1" b 
As for growth, the cell density was the same in both cultures (A660, 8.5). Since this 
indicated that the hGH productivity in MT430(phG! 1427) was improved 4.5-fold, 
we examined the feature of hGH secretion from the transformant using a 7-1 
reactor. As shown in Fig. 6 the hGH secretion was initiated at the late exponential 
or early stationary phase and increased up to 25 h, when the accumulation level of 
hGH reached 80 mg The secreted hGH was one of the major proteins present in 
the culture supernatant (Fig. 7A) and the ratio to the total extracellular protein 
reached 17% in a 25-h culture (Fig. 6). This culture supernatant was subjected to 
double immunodiffusion test without any concentration of hGH. The result showed 
that the secreted hGH was indistinguishable from the pituitary derived hGH (data 



KXH 




. TIME(h) 

Fig. 6. Secretion of hGH from MT430(phGH427) using a 7-1 hiorenctor. Cells were grown in 4000 ml of 
medium at 30°C An aliquot of the culture was withdrawn at indicated times and cells were removed by 
centrifugation. The obtained culture supernatant was used for assays of hGH and total extracellular 
protein. Percent GH means the % ratio of hGH rrcrctcd so the total extracellular proteins. 
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Fig. 7. SDS-polyacrylamide gel electrophoresis (A) and Western analysis (B) using culture supernatant of 
MT430(phGH427). Samples used were the same as those described in the legend to Fig. 6. As a control. 
MT430 harboring no plasmid was cultured similarly for 20 h. The precipitate obtained from the addition 
of trichloroacetic acid to 100 p\ of the supernatant was dissolved in 35 ft! of sample buffer containing 5% 
2-mercaptoethanol. The resultant solution was heated at. l!K) ' for 3 mio and applied to SOS-PAGE. 
HC, host control; hpGH. pituitary derived hGH (2 fig). 



not shown). Western analysis revealed that the majority of the secreted hGH was 
tfie same as authentic HGH in size {22 kDa) and that cleaved 15-kD'a hGH was also 
present (Fig. 7B). 

Secretion of hGH by medium exchange method 

Recently, we have found that the accumulation of the heterologous protein in the. 
culture medium of B. subtilis was increased by transferring the cells to fresh 
medium after growth (Honjo et a!., 1986a). To confirm whether the medium 
exchange was suitable for this case, the strain MT4?0(phGH427) wns cultured and 
the grown cells were transferred to the same volume of fresh medium. As shown in 
Fig. 8, the accumulation of hGH in the medium reached 2i(! mg !"'. At this level, 
the ratio of the secreted hGH to the total extracellular proteins retched 30%. In 




9- 



O 



1 ! 1 T 1 T~ 

0 1 2 3 A 5 G 7 

Fig. 8. Secretion of hGH by medium exchange method. The <tf;<in MT430 (phGH427) was cultured at 
30°C in ISO 'ml of medium. After 18 h, cells were harvested and transferred into the same volume of 
• fresh medium. The cultivation was, then continued uruW th'- \:i r-c conditions as first culture. 

contrast, the accumulation of the hGH in the first culture was 46 mg l" 1 . The 
majority of secreted hGH in the second culture v-as 2:2 kDa. similar to the result 
shown in Fig. 7B. 



Discussion 

In this work, we constructed a host strain for secretion of the heterologous 
protein, which lacked extracellular alkaline and neutral proteases and possessed 
sacQ(BamF) in the genomic DNA. Using this host, wc demonstrated highly 
efficient secretion of hGH of which gene is located in the secretion vector based on 
B. amyloliquefaciens npr. 

We concluded that the strain MT430 constructed here bore sacQ(BamF) in the 
genoinic DNA -btcause of the -increase of !c van sue rase activity, morphological • 
change, and loss of the plasmid as well as the transforming ability of the genomic 
DNA to produce the large halo-forming strain. Since MT400 is a wild-type strain on 
rec\ genetic recombination based on DNA -sequence homology might cause the 
introduction of sacQ(BamF). The location of the rent: in the genomic DNA was 
considered to be sacQ due to their homology. 



The gene sacQ encodes a small poh 



?hl.iC Ot 



46 amino acid residues which is 



involved in the transcriptional control of socB (Shimotsu and Hcnncr, 1986). It has 
also been reported that the expression level of the /?-gal act osida.se gene under the 
control of sacB is elevated in the sacQ h strain (Shitnotsu and Hcnncr, 1986). The 
gene sacQ h also elevates the extracellular protease levels (Kunst ct al., 1974). In this 
case, however, the mechanism of the enhancement is still unclear. If sacQ h product 



4m\J4i 

is involved in the transcriptional control of protean; genes, the expression of 
heterologous gene under the control of the protease promoter would be enhanced. 

Here, we reveallcd that the expression of rat-8o h>_, ..... npr promoter was 
stimulated 1.7-fold in MT430 compared to the case nf MT'JOO. This showed that 
sacQ(BarnF) present in the genoniic DNA could enhance the expression of the 
heterologous gene directed by the npr promoter, whu h was located in a multi-copy 
plasmid, although the stimulation level was no! so hm.h. This elevation of cat -86 
expression level might be derived from the incren'-e of the transcripts. The low level 
of the stimulation (1.7-fold) is considered to he due to the gene dosage of cat -86 and 
the strong promoter, by which the transcription level of cat- SO might be increased 
sufficiently. 

The accumulation level of hGH in 15-h culture of M"l.'430(phGH427) was 5-fold 
higher than that of MT400(phGH427). As this stimulation level was higher than the 
case of cat-86, \i was suggested that something involved in the post-transcriptionnl 
stage was also responsible for the increased stimulation. The reduced proteolytic 
activity in MT430 was considered to contribute mainly to the increased hGH 
production. 

Although the cause of decrease of the residual proteolytic activity by the 
introduction of sacQ(BamF) was unclear, we speculate that the increased produc- 
tion of inactive extracellular alkaline and neutral proteases of MT430 might be 
involved in the reduction. Power and Adams (1986) have reported that ;he in- 
activated subtilisin derived from mutagenized apr located in a plasmid. accumulates 
in membrane as an unprocessed precursor in a apr mutant of B. subtilis due to the 
loss of autocatalytic processing of the propeptide. In MT430. such accumulation of 
the inactive protease-precursors in membrane, which was stimulated by 
sacQ(BamF), might obstruct the synthesis or secretion of the residual proteases. 
The precursor hGH encoded by phGH427 also possessed a head portion of the 
propeptide composed of 21 amino acid residues. Wc confirmed that this propeptide 
segment was cleaved by a membrane-associated protease during secretion (Honjo. 
unpublished data). 

Using a 7-1 reactor, 80 mg l" 1 of hGH was secreted into the medium (Fig.6). This 
result also showed that the production of hGH was in accordance with pH increase 
and the change of dissolved oxygen (DO) level. Therefore, the phase of hGH 
secretion could i>e monitored by pH and DO changes. Using medium exchange 
method, we achieved the high level accumulation of hGH (210 mg 1~'). This 
suggests that the high concentration cell, fresh medium and restricted aeration 
permitted the increased secretion and that high density culture might improve the 
hGH productivity. 

As shown in Fig. 6, the accumulation of hGH continued up to 25 h. This 
continuity was responsible for the increased hGH production since the accumula- 
tion level in MT400(phGH427) was reduced after 8-10 h (data not shown). In an 
8-h culture, the hGH level of MT400 harboring phG H427 was approximately the 
same as that of MT430(phGH427). 

Previously, we have reported that the secreted 22 K hGH from a low extracellu- 
lar-protease strain of B. subtilis bearing phGH928 contains additional amino acid 



sequences derived from junction between the prcpropcpiidc region and hGH gene 
(50%, Ile-Asn-Ser-Met-hGH; 25%, Asn-Ser-Mst-hGH; 25 X. Met-hGil) (Nakayama 
et al., 1987). Since the structure of phGH427 relevant to the expression and 
secretion of hGH was the same as that of phGHP2H. the secreted hG H derived from 
phGH427 might also possess the additional amino .-cid sequence in the N-tcrtnimis. 

The authentic natural hGH production using modified (hi ;, system in high density 
culture is now in progress. 
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Industrial applications of a cloned neutral 
protease gene in Bacillus subtilis 
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Summary. Genes for the a-amylase and neutral 
protease were cloned from an industrial Bacillus 
isolate, Bsl, onto two separate plasmids and intro- 
duced into a B. subtilis strain. Both plasmids were 
stably maintained in this strain. Analysis of the 
extracellular proteins showed that the plasmid- 
carrying strain produced predominantly the Bsl a- 
amylase and neutral protease with few contami- 
nating B. subtilis exoenzymes. The presence of 
high levels of protease enabled the strain to pro- 
duce considerably more a-amylase when grown 
on a complex industrial medium rich in protein. 



Introduction 

The genus Bacillus produces a large number of 
extracellular enzymes, many of which have con- 
siderable industrial importance (Priest 1977). A 
number of these have been cloned to achieve in- 
creased enzyme production and more detailed 
knowledge of secretion and control of gene ex- 
-ptession (e.g. -Berrtief-et ab-l;983 ; Gor-nelis et al. 
1982; Fujii et al. 1983: Gray and Chang 1981; 
Palva 1982; Sashihara et al. 1984). 

The first report of cloning in B. subtilis of the 
structural gene for a neutral protease was from 
Bacillus stearothermophihts (Fujii et al. 1983). The 
cloned fragment was reduced to a 4.5 Md frag- 
ment containing the protease gene and was found 
to be expressed in both B. subtilis and B. stearo- 
thermophihts host strains. Mongkolsuk et ai. 
(1983) reported the cloning of an unspecified pro- 
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tease, when they found that one of two cloned 
fragments (2.7 kb) from B. subtilis, which showed 
promoter activity during postexponential growth 
only, also conferred on recipient cells extracellu- 
lar protease activity. The presence of this recom- 
binant plasmid was found to reduce greatly the 
ability of the host cells to form spores. 

More recently Vasantha et al. (1984) reported 
the cioning in B. subtilis of the genes for an alkal- 
ine and neutral protease from B. amyloliqueja- 
ciens while Yang et al. (1984) have cloned the 
neutral protease gene of B. subtilis. The latter 
group used deletion derivatives of the cloned gene 
to replace the wild-type chromosomal copy of the 
gene and found that this deletion, in combination 
with a deletion of the alkaline protease gene, 
completely inhibited protease production but left 
sporulation unaffected. This strongly suggested 
that the proteases of B. subtilis do not play a role 
in sporulation. The authors suggested that the 
only role of proteases was that of scavengers. 
They commented that the presence of extracel- 
lular proteases may limit the accumulation of het- 
erologous gene -products-due -to degradation (Oh- 
mura^et al. 1984; Palva et al. 1983). 

We decided to exploit the scavenging proper- 
ties of proteases in order to produce an extracel- 
lular protein with a high initial purity. If a foreign 
bacterial protease gene were introduced into B. 
subtilis its product might degrade the normaiiy 
excreted proteins of B. subtilis. However, if we 
were to introduce simultaneously into this strain a 
cloned gene for a different extracellular protein 
derived from the same foreign bacterium, then 
this gene product might be resistant to the pro- 
tease. Hence one should obtain a B. subtilis strain 
which produced very few extracellular proteins 
other than the protease and the product of the 
newly cloned gene. 
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We decided to test this hypothesis on a Bacil- 
lus a-amylase gene cloned previously (Corfield et 
al. 1984). As the relevant fermentation is carried 
out at a neutral pH we used a neutral protease 
cloned from the. same donor organism. 



Materials and methods 

Bacterial strains and culture conditions. The bacterial strains 
. used in this study are described in Table I. Plasmid pPL603b 
was constructed by P. S. Lovett (personal communication) by 
inserting a synthetic linker containing a BamHl site into the 
£toRI site of pPL603 (Williams et al. 1981). In order to elimi- 
nate the postexponential chloramphenicol acetyl transferase 
(cat) promoter activity of this plasmid (Mongkolsuk et al. 
1983), we isolated a spontaneously occurring B. subtilis strain 
1A46 (pPL603b.l) which was sensitive to chloramphenicol 
(Cm) at all stages of growth. Bacteria were grown in Luria 
broth (LB; tryptone, 10g/l; yeast extract, 5g/l; sodium chlo- 
ride. 10 g I ) on an orbital shaker at 37°C. For plasmid-con- 
taining strains, the growth medium was supplemented with 
10 ug/ml neomycin (Nm), 15 ug/ml tetracycline (Tc). and/or 
10 ug Cm ml. and DM3' regeneration medium (Chang and 
Cohen 1979) with 25 ug Cm/ml. The industrial medium con- 
tained milled barley (4.8%) and malt sprouts (3.2%), adjusted 
to pH 7.0 with 2 M NaOH. 

DNA isolation and purification. Chromosomal DNA was iso- 
lated by the method of Lovett and Keggins (1979) with the fol- 
lowing modifications. DNA was prepared from a 20 ml over- 
night culture and the pelleted cells resuspended in 10 ml TES 
(30 mM Tris pH 8.0, 5 mM EDTA and 50 mM NaCi) pn 7.5. 
Proteinase K (Sigma) was added to a final concentration of 



Table 1. Bacillus strains 



Strain 


Relevant 


Source 


designation 


characteristics 




Bsl 


/"•0(H)" 


Industrial isolate 


B. subtilis 






IA42 


lrpC2 thri 


BGSC b 


■1A46 


trpC2 thr5 recE4 


BGSC 


-rA46TpPL605b. \f " 


Tames Nm 'Cm " 
plasmid 


P: tovett 


SBI9 


prototroph 




IA90 


lrpC2 his.W 
sacA32 1 


BGSC 


IA274 


npr 


BGSC 


IA297 


irpC2 aspT\ amy 


BGSC 


IA297(pVCi02) 


Bsl a-amylase gene 


. Corfield et ai.. 




cloned onto 


1984 




pPL603b.l 

Tc R oh B. cereus 




l68(pBCI6) 


Bernhard et al.. 
1978 


B. arrivloliquefaciens 






10 A3 ' 


hsr H( + ) 


BGSC 



pro(H): high producer of protease 

Bacillus Genetic Stock Center, Ohio State University. Dept. 
of Microbiology, 484 West 12th Avenue, Columbus. Ohio 
43210. USA • 



100 ug/ml and three ether extractions followed the phenol 
treatment. The DNA precipitated by ethanol >pooled onto 
a glass rod. air dried and resuspended in 2-3 ml TE mM 
Tris, pH S.0, I mM EDTA) before dialysis. Plasmids were; pre- 
pared by the sodium dodecyl sulfate (SDS)-NaCI method of 
Gryczan and collaborators (1980). For rapid scre.enins the 
plasmid DNA was isolated according to the single colonv lysis 
method (Marrero and Lovett 1980). 

Restriction, ligation and transformation. Restriction and liga- 
tion of DNA was performed using enzymes from Boehringer 
Mannheim, FRG. according to the manufacturers' instruc- 
tions. The polyethylene glycol (PEG) induced protoplast 
transformation procedure of Chang and Cohen ( 1979) was fol- 
lowed with modifications as described by Corfield et al. 
(1984). DM3 regeneration medium was modified to include 
casein as well as Cm in order to facilitate the screening of re- 
combinant strains bearing a protease gene. 

Assay of protease activity. The bacteria were grown in LB at 
37°C on an orbital shaker. Samples were taken at intervals 
and centrifuged at 8000 x g for lOmin. The supernatant; was 
assayed for extracellular protease by the azocasein assay of 
Millet (1970). One milliliter of 0.5% (wt/vol) solution of azoca- 
sein in 0.1 M Tris (pH 7.2) was incubated with 0.5 ml of the 
test culture for 30 min at 37°C. The reaction was stopped by 
adding 2 ml of a 10% trichloracetic acid (TCA) solution. After 
standing for 30 min at 4°C. the mixture was filtered through 
Whatman No. I paper, and 1.5 ml of 0.5 N NaOH was added 
to each 1.5 ml of filtrate. The absorbance was determined at 
440 nm. One unit of protease activity is defined as the amount 
of enzyme that gives an increase in absorbance of 0.O1 at 
440 nm in 30 min at 37° C. Cell concentration was measured as 
dry weight. 

Assay of a-amylase activity. a-Amylase activity was measured 
by the decrease in iodine staining power of starch digests. 
Cells were removed by centrifugation and 0.2 ml of appro- 
priately diluted supernatant assayed using 2 ml of 1% hydro- 
lysed Lintner's starch in 0.1 M Na acetate buffer pH 5.5. The 
reaction was stopped by adding 0.2 ml of digest to 2 ml 0.1 iVI 
HCI, after which 0.2 mi of the reaction mixture was added to 
2 ml l : solution (0.5% l : , 0.5% K.I). Reagent blanks were run 
simultaneously and absorbance read at 660 nm against water. 
One unit of ft-amylase activity was defined as that which re- 
sulted in a 1% reduction in the absorbance of '.he K-starch 
complex at 660 nm in one minute. 

Enzyme inhibition. The protease preparation was treated with 
5 mM EDTA at 37° C for 30 min or with I mM phenylmethyl- 
sulfonylfluoride (PMSF) at 0°C for 1 h. Samples were taken to 
assess the azocasein hydrolytic activity at 37 r C by the proce- 
dure referred to earlier. 

Optimum pH. Sodium citrate buffers (50 mM; ranging from 
pH 5 to 6) and Tris-HCI buffers (50 mM ; ranging from pH 7 to 
10) were used to determine an optimal pH value for protease 
activity. Culture supernatants, which had been dialysed 
against each buffer with the addition of 5 mM CaCI;, were 
mixed with an azocasein solution (1% dissolved in the same 
buffer) and protease activity measured. 

Gel electrophoresis. Agarose gel electrophoresis of DNA sam- 
ples was performed on a horizontal apparatus as described by 
Canosi et al. (19S2). SDS-polyacrylamide gel electrophoresis 
of protein preparations was performed according to Laemmli 
(1970). The method of Weber and Osborn (1969) was used to 
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determine the molecular weight of the protein. Gelatin zymo- 
grams to determine the activity of the proteases were per- 
formed according to Heussen and Dowdle (1980). Gels were 
scanned using an LKB 2202 Ultroscan laser densitometer. 

DNA hybridization. Chromosomal DNA of the industrial iso- 
late Bsl. B. subtilis strains IA46 and SB 19. and B. amylolique- 
faciens was digested with BylW or Wnd\\\. electrophoresed in 
agarose and transferred to nitrocellulose paper (Schleicher 
and Schuell) by the method of Southern ( 1975). The DNA was 
hybridized to a ,: P-labelled pSR5l probe, prepared by nick 
translation I Rigby et al. 1977). The nitrocellulose was washed 
and exposed to X-ray film for detection of homologous se- 
quences. 

Plasmid stability. Plasmid-carrying bacterial strains were 
plated on LB agar containing casein, Cm and Nm. Single col- 
onies showing casein hydrolysis were resuspended in LB, 
stored at 4°C. and appropriate dilutions plated on the above 
medium. Colonies exhibiting no segregation of Cm, Nm or npr 
were inoculated into 25 ml of LB with or without Cm and Nm 
at a concentration of 1.2x 10 J cfu/ml and shaken at 37° C. 
After each 15 generations of growth, the cultures were diluted 
as above. The procedure was continued for 60 generations. Al 
appropriate lime points, aliquols of the cultures were enumer- 
ated on casein-containing LB agar with or without antibio- 
tics. 



Results 

Cloning of a protease gene in B. subtilis 

Protease assays were performed on a variety of B. 
subtilis strains to obtain a suitable recipient for 
the detection of a cloned protease gene. Three 
strains, IA46, 1A274 and 1A90, were identified 
which had reduced levels of extracellular pro- 
teases and could be transformed successfully by 
the protoplast method. The strain exhibiting the 
highest transformation efficiency, 1A46, was 
chosen as the recipient in cloning experiments. In 
order to clone fragments of Bsl DNA into Bam 
-HHirrearized p PL6 0 3 b. 1 ,— donor -DNA was di- 
gested with Bgl II, as it proved to be resistant to 
Bam HI, ligated to the plasmid and transformed 
into B. subtilis 1A46. Transformants carrying pro- 
moter-bearing recombinant . plasmids were se- 
lected on DM3 regeneration medium containing 
Cm and casein. Among 1 271 colonies isolated 
(frequency of 6 x 10 3 recombinants/ug DNA), 
one colony showed a zone of casein hydrolytic ac- 
tivity, was resistant to Cm and Nm, and contained 
a plasmid, designated pSR51. Transformation of 
1A46 with this plasmid yielded Cm r Nm' npr" 
colonies at an efficiency of 4.2 x lOVug DNA, in- 
dicating that the ability to produce protease was 
associated with the recombinant plasmid. Restric- 
tion endonuclease analysis of pSR51 showed it to 



have an insert of 4.6 kb giving a total size of 10 kb 
(Fig- I). 

To prove conclusively that the insen in pSR5l 
was derived from Bsl DNA, Southern gel analysis 
was performed using "P-labelled pSR5l as a 
probe lo hybridize to Bgl II and Hind II! digested 



Hmu III 




Bgl II 



Fig. 1. Restriction endonuclease map of pSR5!. Plasmid 
pPL603b was restricted with Bam HI and ligated to By! I! 
fragments from Bacillus Bsl. The Arabic numerals inside the 
circles indicate the molecular size in kb 
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Fig. 2. Hybridization of nick-translated pSR51 to Bgl II- and 
Hind Ill-digested chromosomal DNA. Lane 1. Bgl ll-digested 
Bsl DNA; 2. Hind Ill-digested Bsl DNA: 3. 4 and 5. Bgl ll- 
digested IA46, I0A3 and SB19. respectively: 6. pSR5l 
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Bsl DNA. The probe hybridized to Bgl II frag- 
ments of 3.8 and 0.8 kb, as expected from the map 
of pSR5I, and to Hind \\\ fragments of 7.8, 4.5 
and 1.1 kb, the last of which represented the inter- 
nal protease gene fragment (Fig. 2). No hybridiza- 
tion occurred to B. subtilis strains or B. amvloli- 
quefaciens I0A3. 



Stability oj hybrid plasmid, pSR51 

As many hybrid plasmids in B. subtilis exhibit 
considerable structural and segregational instabil- 
ity (Lopez et al. 1984; Uhlen et al. 1981), the sta- 
bility of pSR51 was investigated. To determine 
whether the host cell recombination system 
played a role in stability, pSR5l was transformed 
into an otherwise isogenic pair of rec + (1 A42) and 
rec~ (1A46) strains. In the presence of antibiotics 
no loss of protease activity occurred in either 
strain. In the absence of antibiotics pSR51 
showed only 4% segregation over 60 generations 
in the rec~ strain 1A46, whereas 99% of the rec" 
1A42 cells lost the plasmid within 30 generations. 
Thus this hybrid plasmid showed no structural in- 
stability and did not segregate in a reC strain. 



Production of the Bsl protease in B. subtilis 

The level of protease production in LB by 1A46 
(pSR51) was compared with the donor Bsl and re- 
cipient 1A46 using the azocasein protease assay. 
Over a period of 24, h the cloned gene directed the 
production of 156 U of neutral protease/mg drv 
cell weight compared with 79 U of total pro- 
teases/mg dry cell weight produced by Bsl. The 
recipient IA46 produced only HU/mg dry cell 
wt. As 85% of Bsl proteases consist of neutral pro- 
- -tease -(-see be low) th is represents a 2.3-fold in- 
crease of the cloned gene product over the donor. 
Sporulation frequency was not greatly affected by 
the presence of the recombinant plasmid in con- 
trast to the 90% reduction found by Mongkolsuk 
et al, (1983). However the onset of sporulation 
was delayed by 4 h which may be a reflection of 
the slower growth. rate of the strain containing the 
recombinant plasmid. 

Characterization of the cloned protease 

The azocasein hydrolytic properties of the cloned 
protease were compared with the total activities 
of the proteases of Bsl in the presence or absence 
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of PMSF, a serine protease inhibitor, or EDTA. a 
neutral protease inhibitor. The results showed 
that after incubation of culture supernatants with 
the inhibitors for I h and 30 min, respectively, the 
protease activity in IA46 (pSR51) was completely 
inhibited by EDTA but only slightly by PMSF 
(97% activity remaining). The protease activity of 
Bsl was shown to be due to both neutral and ser- 
ine proteases as EDTA inhibited 85% and PMSF 
I 1% of the activity. 

The pH optima for protease activity of 1A46 
(pSR51) and Bsl were compared to confirm that 
we had cloned the gene for a neutral protease 
from the mixture of protease genes of Bsl. Maxi- 
mal activity of the cloned protease from IA46 
(pSR51) and the total proteases of Bsl occurred at 
pH 7.2. In the presence of EDTA the remaining 
proteolytic activity of Bsl had an optimum at pH 
9 and 10, presumably due to serine protease activ- 
ity. 

In order to demonstrate that the properties of 
the neutral protease had not been altered as a re- 
sult of the cloning, extracellular proteins pro- 
duced by Bsl and pSR51 in 1A46 or IA42, were 
characterized by SDS-polyacrylamide gel electro- 
phoresis (Fig. 3). A protein with a molecular 
weight of 40,500 daitons, absent in IA46 and 
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Fig. 3. Polyacrylamide gel electrophoresis of culture superna- 
tants. Strains were grown for 20 h in LB and aliquots of the 
supernatants were run on an SDS-polyacrylamide gel pH 8.6 
at 20 mA for 4 h. The gel was stained with 0.05% Coomassie 
Brilliant Blue R250. Lane I. molecular weight markers; 2. 
IA46; 3. IA46(pSR5l): 4. Bsl: 5, IA42(pSR5l); 6. IA42 
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1A42 was present in high concentration in IA46 
(pSR51) and IA42 (pSR51) and comigrated with a 
protein froVi the donor Bsl, which exhibited pro- 
tease activity when electrophoresed in a poly- 
acrylamide gel containing 0. 1% gelatin and subse- 
quently allowed to digest at 37° C in a 0.1 M gly- 
cine- NaO H buffer pH 7.2 (results not shown). 

It was also clear from these results that the 
cloned Bsl protease . was capable of degrading the 
extracellular proteins of B. subtilis strains 1A46 
and IA42. To determine whether an extracellular 
protein cloned from the same donor organism 
would be resistant to this protease, we incubated 
cell supernatants of 1 A46 (pSR5 1) with cell super- 
natants of B. subtilis strains harbouring a hybrid 
plasmid, pVC102. This plasmid was constructed 
by ligating a Bsl Bgl II fragment carrying the a- 




'1A46 (DSR51 (PAS 15.1) 

Fig. 4. Construction of plasmid pAS 1 5. 1 . Partial EcoR] di- 
gests of pVCI02 were ligated to £coRI digests of pBC i 6. 1 to 
give an unstable plasmid resistant to Cm and Tc. This interme- 
diate plasmid underwent a spontaneous deletion of 4.9 kb to 
give pASI5. 1 which is resistant to Tc and encodes the (-/-amy- 
lase gene of pVC I02 



amylase gene with Bam HI linearized pPL603b. I 
(Corfield et al. 1 984). The r/-amylase was shown 
to be protease resistant even after 90 min incuba- 
tion at 37 °C. 

Const ruction of a B. subtilis strain containing both 
the Bsl protease and a-amylase genes 

We decided not to subclone the Bsl protease gene 
onto pVCI02, the hybrid plasmid carrying the Bsl 
a-amylase gene, as this might well result in unde- 
sirable deletions. We therefore introduced the 
genes into B. subtilis on two separate plasmids. 
Our strategy is outlined in Fig. 4. The cloning of 
the Tc K gene from pBCl6.I onto pVCl02 resulted 
in the deletion of 4.9 kb of pPL603b. I DNA. The 
resulting plasmid, pAS 1 5. 1 , therefore expressed 
Tc R but not Cm R or N R and replicated from the 
introduced B. cereus origin. When pAS 1 5. 1 was 
transformed into the B. subtilis strain carrying the 
cloned protease gene, l A46 (pSR5 1 ), the two plas- 
mids were stably maintained in the presence of 
Cm and Tc. Analysis of the extracellular proteins 
by SDS-polyacrylamide gel electrophoresis 
showed that' 1 A46(pSR5 l)(pAS15.1) produced 
predominantly the protease and a-amylase en- 
zymes, whereas 1A46 with or without the original 
vector pPL603b.l produced many high molecular 
weight extracellular proteins (Figs. 5 and 6A). 
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Kiy. 5. Polyacrylamide gel electrophoresis of supernatants 
from cultures grown for 4S h in LB. Lane I. IA46: 2. 
I A46( pPL603b): 3. IA46(pSR5l); 4. I A46( pSR5 ! Ii pAS 1 5. 1 ): 
5. I A46(pAS 15. 1 ): 6. molecular weight markers 
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Fig. 6. Scan? of polyacrylamide gels of supernatants from cul- 
tures grown for 48 h in (A) LB and (B) industrial medium. 
Lane 1. I A46(pAS15.1); 2. IA46(pSR51) (pASli.l)'; 3. 
I A46(pSR5 I). • denotes protease peak : — denotes amylase 
peak 

Mixed. fermentatinnsjof th.e_tw.o str.ains.each con- 
taining the single plasmid also showed degrada- 
tion of most of the extracellular proteins other 
than the ^-amylase and protease (results not 
shown). 



Production of protease and amylase in industrial 
media 

The exploitation of B. subtilis for the export of 
foreign proteins is often hampered by the fact that 
the protease deficient hosts used to allow efficient 
production of heterologous gene products do not 
grow well on industrial substrates rich in proteins 
(Nybergh 1984). The present system was consid- 
ered to be a candidate for overcoming this prob- 



lem and the enzyme yields in a complex indust rial 
medium were therefore investigated. The protease 
levels increased 5-fold when IA46(pSR5l) svas 
grown in such a medium (Fig. 7), and it was of 
interest to note that activity increased up to 12 h, 
whereas in -LB maximal activity was achieved 
alter 18-24 h. 
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Fig. 7. Production of extracellular protease by the industrial 
donor strain. Bsi and I A46(pSR5 I ) in LB (closed symbols! and 
industrial medium /open symbols/: A Bsl: O pSR?l 



Table 2. ft-Amyla.se and protease production in complex in- 
dustrial medium and LB + 2'lo starch' 1 



Plasmid 1, 




Industrial medium 


LB + 2H 


starch 




Time 


Protease or-Amylase Protease 
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n.ASIS.I 


24 


24 
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30 


!43 




39 




72 




253 


6 


64 


ipSR5l)(pASI5.1) 


24 


168 


6 








48 
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72 


25S 


408 


23 


52 


pSR51 + pAS15.l 


24 


145 


37 


65 


15 


i M ixed fermen- 


48 


139 


62 


73 


i 7 


tation) 


72 


ISI 


374 


71 


41 


P-SR5I 


24 


192 


4 


75 


1 




48 


360 


10 


61 






72 


396 


12 


23 


4 



Results represent the average of 3 to 5 experiments 
h All plasmids were in IA46 
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A comparison was made of the levels of a- 
amylase and protease when strains of 1 A46 carry- 
ing various combinations of pAS 1 5. 1 and pSR5l 
were grown on ; a complex industrial medium or 
on LB + 2% starch (Table 2). In all cases enzyme 
levels were from 3- to 17-fold higher when strains 
were grown in the industrial medium, despite the 
fact that growth characteristics were essentially 
unchanged. Although the copy number of 
pAS15.1 decreased when pSR51 was present (re- 
sults not shown), a-amylase levels in 
lA46(pSR51)(pAS15.1) when grown in industrial 
medium were approximately 1.6-fold higher after 
72 h than !A46(pAS15.1). This increase was not 
seen in the LB medium. A similar increase of 1.5- 
fold was achieved in mixed fermentations. In the 
industrial medium protease degradation of high 
molecular weight extracellular proteins, other 
than Bsl a-amylase, was evident (Fig. 6B). 



Discussion 

This paper confirms the hypothesis that a B. sub- 
tilis strain carrying a foreign protease gene as weil 
as another extracellular protein gene, cloned from 
the same donor strain, would produce predomi- 
nantly these two extracellular proteins. This 
would be expected to occur if the protease de- 
graded the B. subtilis exoproteins but not the 
product of the second cloned gene. Using the pro- 
moter-selection vector pPL603b.l we cloned a 
neutral protease from an industrial strain of Bacil- 
lus, Bsl, and verified that its pH optimum and 
molecular weight had not been altered during the 
cloning process. This was important as any altera- 
tion might change its proteolytic specificity. 
/ Southern gel analysis proved that the gene was 
/. indeed derived.from Bsl DNA, but lack of hybrid- 
I ■ ization-to B. subtttis-axtd B. ■ctmyloliquefaciens indi- 
| cated that the Bsl protease gene has little homo- 
l logy with proteases of these species. 

A stable, high copy number hybrid plasmid 
carrying the protease gene was required. Despite 
its size (10 kb), plasmid pSR51 was found to be 
stable over 45 generations in a recE strain, iA46. 
showing a mere 4% segregation in the absence of 
selective antibiotics. However, when it was trans- 
ferred to 1A42, an isogenic strain which is rec" , 
99% plasmid loss occurred within 30 generations. 
This is in contrast to Uhlen et al. (1981), who 
found that in the absence of selective pressure, 
loss of plasmid pC194 carrying fragments of the 
B. subtilis bacteriophage 0105 occurred to the 
same extent in rec + and rec~ hosts. We have de- 



termined that the vector plasmid, pPL603b. does 
not segregate at all in either 1 A46 or 1 A42 over 45 
generations (results not shown). Unlike many re- 
combinant plasmids in B. subtilis (Lopez et a I. 
1984; Uhlen et al. 1981; our unpublished data), 
pSR5l showed no structural instability either in 
the presence or absence of selective antibiotics. 

The enzyme we chose to be co-produced with 
the protease was the a-amylase of Bsl, as we had 
previously cloned its structural gene. The enzy- 
matic activity of the cloned Bsl a-amylase proved 
to be resistant to the cloned Bsl neutral protease. 
This was found either when supernatants of 
IA46(pSR51) and 1 A46(pAS15.1) were incubated 
together or when the two strains were grown in a 
mixed culture. We then constructed a strain con- 
taining both these genes on two separate plas- 
mids, pAS 15. 1 and pSR51. Analysis of the extra- 
cellular proteins by SDS-polyacrylamide gel elec- 
trophoresis showed that 1 A46(pSR51)(pAS15. 1) 
grown on LB + 2% starch produced predomi- 
nantly the protease and a-amylase enzymes with 
few contaminating B. subtilis exoproteins. The 
same effect was achieved in mixed fermentations 
of 1 A46(pSR5 1) and 1 A46(pAS15. 1). 

As it has been shown that a protease-deficient 
B. subtilis carrying a hybrid a-amylase plasmid 
produces less enzyme when grown on a complex 
industrial medium than on a synthetic medium 
(Nybergh 1984), an investigation of the behaviour 
of the various plasmid-carrying strains in a com- 
plex industrial medium was undertaken. In all 
cases a-amylase levels were 3- to 9-fold higher 
than in LB + 2% starch. It was of interest to note 
that lA46(pSR51)(p.AS15.1) produced 1.6-fold 
more a-amylase than 1 A46(pAS 15. 1) despite the 
lower a-amylase plasmid copy number in the 
former. The increased levels of a-amylase when 
the strain was grown in a complex industrial me- 
dium in the presence of -high lev-els of protease 
may be due to the scavenger properties of the pro- 
tease. This effect could also be achieved in a 
mixed fermentation but the levels of a-amylase 
were higher when both the a-amylase and pro- 
tease plasmids were present in one strain. It is an- 
ticipated that once a stable, high-copy-number 
hvbrid piasmid producing both the Bsi neutral 
protease and a-amylase has been isolated, that 
enzyme yields on industrial media will improve 
fu rther. 

Protease "clean-up" of B. subtilis extracellular 
proteins was also observed in the industrial me- 
dium. This system therefore facilitates the effi- 
cient production of an extracellular enzyme with 
a high initial purity. 
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a pHL g ^ Bacillus subtilis. Thc gcne iepr) encoded 

internal serine protease (ISP-1) of B subtt Deletion n,U T^, ,° K°' h SUb,iliSi " (Apr) and the ma .i<»- 
of Epr were not necessary for act vky S C^e Sin!' '"h ^ !? ^ ^ C - ,erminal 240 amino adds 
high abundance of lysineVesid e and th pre s ncTof Z Hv h™ M a 
was directly repeated five times Th- ! Penally homologous sequence of 44 amino acids that 

spoliation ge " e mapptd near ^ and wa * not required for growth or 



The gram-positive, sporeforniing bacterium Bacillus sub- 
tilis produces and secretes proteases, esterases, and other 
kinds ;-of coenzymes at the end of the exponential phase of 
growth (15). The pr.nc.pal extracellular proteolytic enzymes 
the alkaline (subtihs.n) and neutral (metailo-) proteases, are 
encoded by the apt- and npr genes, respectively (19 n \3) 
Double mutants bearing null mutations in both genes are 
substantially blocked in extracellular protease production 
but still secrete 2 to 4% of the wild-type level of protease (in- 
our unpublished results). We have been mterested in identi- 
ty.ng additional protease genes responsible for the residual 
extracellular protease production by Apr". Npr double 
mutants, Here we report the cloning of a new protease gene 
uhose product, a protease sensitive to phenylmethylsulfonvl 

IZ.Sn ' a ' ld EDTA ' ?h0WS ^ lficam 'S t«! 



MATERIALS AND METHODS 
Bacterial strains and plasmids. B. subtilis GP208 (&,pr4 

tZrJL*"?™"^ ""J® iS 3 Jcrivative of the B. subtilis 
168_strainJS75. PlasmK}s-pBB64 or ptJCT9 and pBR322 were 
used tor cloning in B, subtilis and Escherichia coli. respec- 
nu p V'," SCne W3S obtained fr °m Piasmid pMlllOl 
L; 4 ; fn r , '\ $Ira,ns were « rcwn on tryptose blood aear 
(D| ' C0 Laboratories) or minimal glucose medium a"nd 
« ere made competent by the procedure of Anagnostopoulos 
and Spizizen (1). £:■ coli . JM107 was crown and made 
competent by the procedure of Hanahan (7). Plasmid DNA 
>rom B subtihs and £. coli was prepared bv the alkaline lysis 
method or B.rnooim and Doly (2). Plasmid DNA transfor- 
mation in B. subtilis was performed as described by Gryczan 
al. (6). ,J 

Enzymes. Restriction enzymes. T4 DNA ligase Bain 
exonuclease. and calf intestinal alkaline phosphatase were 
obtained from Boehringer Mannheim 

DNA isolation and gene library characterization. Isolation 
ol B. subtilis. chromosomal DNA was done as described 
prev,ously (4). Total DNA from GP208 (100 u.g) was digested 
with i S«„3A (4 U) at 37°C for 10 mm. The partially digested 

k^L?s7^° n an °' 8% agar ° Se ^ Fragments of 3 to 7 
kilobases (kb) were electrocuted and ligated to flg/II-di- 
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r m m f t been treated Wlth alkalinc P hos P h: - 

tase (1 U) for 30 mm at 37°C. The ligation was done at a ratio 
ol insert to vector DNA of 4:1. The ligation mix was 
incubated at 16°C overnight and transformed into JM107 ' 
Restriction fragments to be sequenced were ligated into 
appropriate sites of M13 vectors. DNA sequencing was 
performed by the dideoxy chain termination method (17) 

Mapping of epr gene. Mapping of the epr locus was 
pe,,or,„ea by PBSi transduction (9) with a lysate from B 
subtihs GP208(pNP7 integrated) Cm/. Cm/ tnnXmnt 
were scored for linkage to several loci from the Dedonder set 
ol reterence strains (3). 

■ P ^ Ca f TT' Protcase aSSays were Performed bv add- 
ing 100 p.1 of culture supernatant to 900 ul of 50 mM Tris (pH 
SK> mM CaCL. with 10 mg of Azocoll (Siema). The solu- 
tions were incubated at 37T for 30 min with constant 
shaking The reactions were then centrifuged to remove the 
insoluble Azocoll. and the A,,„ of the solution was deter- 
mined. Inhibitors were preincubated with the reaction mix 
tor s min at 37°C. 

! !J C|casein was used to measure low amounts of residual 
T tC vf ; IUre su P ernatant (T00-u.ll was-added to r00>l of 
M) mM Ins ( P H 81-5 mM CaCL containing HI 5 cpm of 

C L CaSC ; n ^ En8iand Nuclear). The solutions were 
incubated a, 37°C for 30 mm. The reaction mixes were -hen 
placed on ice. and 20 ug of bovine serum albumin was added 
as earner protein. Cold 10% trichloroacetic acid (600 ul) was 
added, and toe mix was kept on ice for 10 min. The solutions 
weie centrifuged to spin out the precipitated protein, and the 
radioactivity in the supernatants was counted in a scintilla- 
tion counter. Up to 20 to 30% degradation remained in the 
linear range ol the assay. 

RESULTS 

Cloning an additional protease gene from B. subtilis. To 
identify additional extracellular protease-encodinc cenes we 
used a high-copy-number vector to construct a library of 
cloned B. subtilis DNAs from a triple mutant that contained 
deletions ol the genes for the three known proteases- subtil- 
isin (a P r). neutral protease inpr), and the major intracellular 
serine protease (hp). We reasoned that amplification of the 
additional protease genets) on a high-copv-number vector 
would increase protease levels sufficiently to produce a halo 
around colonies containing a cloned protease gene. 
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FIG. 1. ■ Restriction map of pNPl containing the epr gene cloned 
in pEc224. 

To construct a gene bank, total chromosomal DNA was 
isolated from strain GP208 (\apr \npr Msp) and partially 
digested with SairiA. Size-fractionated fragments (3 to 7 kb) 
were cloned into the Bglll site of pEc224; a shuttle vector 
made from pBR322 and pBD64 joined at the EcoRI and 
Pvull sites. Transformation of competent cells of E. coli 
JM107 resulted in more than 1.200 colonies. Plasmid screen- 
ing showed that 90% of the coionies contained plasmids with 
inserts of an average size of about 4 kb; however, none of the 
E. coli transformants produced halos on casein plates. 

To screen lor protease activity in B. subtilis. the 1.200 E. 
coli colonies were pooled into groups of 100 (Gl to G12). The 
groups were grown in liquid culture (LB and ampicillin [50 
jig/ml]), and miniprep plasmid DNA prepared from each 
group was used to transform B. subtilis GP208. Approxi- 
mately 5% of the transformants from one of the pools (Gil) 
produced haios on casein plates. 

""Cteavage of the~p1asTnfd~DNA""with restriction enzymes 
showed that all the transformants producing halos had a 
plasmid with the same-sized DNA insert iabout 4 kb). A 
restriction map of one such piasmid. pNPl. is shown in Fig. 
1. The protease secreted by GP208 cells containing pNPl 
was sensitive to both PMSF (1 m.M) and EDTA (10 mM). 

Nucleotide and deduced amino acid sequences of the prote- 
ase gene. Subcloning and deletion experiments established 
that all or most of the protease "gene was contained on the 
1.6-kb EcoRV fragment (Fig. 1). Determination of the nucle- 
otide sequence of the 1.6-kb EcoRV fragment revealed an 
open reading frame (ORF) which covered almost the entire 
fragment, starting 450 base pairs (bp) from the left end and 
proceeding through the right end (Fig. 2). Comparison of the 
deduced amino acid sequence with other amino acid se- 
quences in GENBANK indicated that the protein encoded 
by the ORF had strong homology (approximately 40%) to 
both subtilisin (19) and ISP-1 (11) from B. subtilis 168 (Fig. 
3A and B). The most probable initiation codon for this 
protease gene is the ATG at position 1 in Fig. 2. This ATG 
(second codon in the ORF) was preceded by an excellent B. 
subtilis ribosome-binding site (AAAGG.AGATGA). which 
had a calculated AG of -16.4 kcal (20). In addition, the first 



2h amino acids following this Met resembled a typical B. 
subtilis signal sequence, with a short sequence contsiinine 
two positively charged amino acids, followed by 15 Knydro- 
phobic amino acids, a helix-breaking proline, and a topical 
Ala-X-Ala signal peptidase cleavage site (13). Even though 
Ihe 1.6-kb EcoRV fragment was sufficient lor protease 
activity, the ORF continued past the end of the downs tream 
EcoRV site. To locate the 3' end of the gene, the DNA 
sequence of the overlapping Kpn\-S<il\ fragment was deter- 
mined (Fig. 1). As shown in Fig. 2. the end of the ORF was 
found 717 bp downstream from the EcoRV site, artd the 
entire epr gene was found to encode a 645-amino-acid 
protein, of which approximately the first 380 amino acids 
were homologous to subtilisin (Fig. 3). The final approxi- 
mately 240 amino acids were apparently not essential for 
proteolytic activity, since subcloning experiments with the 

1.6- kb EroRV fragment indicated that the information en- 
coded in the first 405 amino acids was sufficient for protease 
activity. 

Structure of the Epr protein. In vitro transcriplion-lrans- 
lation experiments were used to confirm the size of the gene. 
Addition of B. subtilis or £. coli piasmid DNA containing the 

2.7- kb Hpa\-Sal\ fragment with the entire epr gene (pNJP3 or 
pNP2) to an S30-coupled transcription-translation system 
(New England Nuclear) resulted in the synthesis of a protein 
of approximately 75.000 daltons (Fig. 4A). (Additional pro- 
teins of 60.000 and 34.000 daltons were also seen and 
presumably represented processed or degraded forms of the 
75.000-dalton protein.) This size was in reasonable agree- 
ment with the predicted molecular weieht for the Drimarv 
product of 69,702. 

The homology of the epr protease to subtilisin throughout 
the amino-terminal half of Epr suggests that Epr might also 
be produced as a preproenzyme with a prosequence of 
similar size to that found for subtilisin (70 to 80 amino acids). 
If true, and if there were no additional processing, this would 
argue that the mature Epr enzyme has a molecular weight of 
ca. 58.000. Examination of culture supernatants. how-ever. 
indicated that, the protein had a molecular weight of about 
34.000. Comparison by electrophoresis on sodium dodecyl 
sulfate (SDS)-polyacrylamide gels of the proteins secreted 
by B. subiilis strain GP208 containing a plasmid with the epr 
gene tpNP3 or pNP5) or just the parent plasmid alone 
(pBs81/6) showed that the 2.7-kb Hp~dVSiil\ fragment (Fig. 1 ) 
cloned in pNP3 directed the production of proteins of about 
34.000 and 38.000 daltons (Fig. 4B). whereas the 1.6-kb 
EcoRV fragment cioned in pNP5 in the same orientation 
(Fig. 1) directed production of just the 34.000-dalton protein 
(data not shown). The two proteins appeared to be different 
forms of the Epr protease, resulting from either processing 
or proteolytic degradation. Clearly, the 1.6-kb EcoRV frag- 
ment, which lacks the 3' third of the epr gene, is capable of 
directing the production of an active protease similar in size 
to that observed when the entire gene is present. This 
suggests that the protease normally undergoes C-terminal 
processing. 

Location of epr on the B. subtilis chromosome. To map epr 
on the B. subtilis chromosome, we introduced a drug resis- 
tance marker into the chromosome at the site of the epr gene 
and used phage PBSl-mediated transduction to determine 
the location of the insertion. A 1.3-kb EcoRI fragment 
containing a chloramphenicol acetyltransferase (cat) gene 
was cloned into the unique EcoRI site on an E. coli plasmid 
containing the epr gene (pNP2. Fig. 5). The resulting plasmid 
(pNP7) was used to transform B. subtilis GP208. and chlor- 
amphenicol-resistant transformants were selected. Since the 



946 AAC CAG 1AI TAT GCA ACG GGA AGC GGA AC A ICC CAA GC G ACA CCG 
asn gin tyr lyr aid thr g!y ser gly thr ser gin did thr pro 

991 CAC GCC 6CT GCC AiG IT! GCC TIG TTA AAA CAG CGI GAT CCT GCC 
his ala ill did met phe did leu leu lys gin drg asp -pro ala 

1036 GAG ACA MC GIC CAG CTT CGC GAG GAA ATG CGG AAA AAC AiC GIT 

glu thr dsn val gin leu arg glu glu met arg lys asn He val 
Kpnl 

iOSi GAT CTT GGT ACC GCA GGC CGC GAT CAG CAA TTT GGC IAC 5GC TTA 

asp leu gly thr ala gly arg asp gin gin phe gly tyr gly leu 

112i AIC CAG I A T AAA GCA CAG GCA ACA GAT TCA GCG TAC GCG GCA 
lie gin lyr lys ala gin ala thr asp ser ala tyr aid ala 

1171 GAG CAA GCG GIG AAA AAA GCG GAA CAA ACA AAA GCA CAA ATC~GAT 
glu gin ala val lys lys did glu gin thr lys did gin He asp 

1216 AIC AAC AAA GCG CGA GAA CTC AIC AGC CAG CTG CCG AAC TCC GAC 
lie dsn lys ala drg glu leu He ser gin leu pro asn ser asp 

1261 GCC AAA ACT GCC CTG CAC AAA AGA CTG GAT AAA GTA CAG ICA TAC 
aid lys thr ala leu his lys arg leu asp lys val gin ser tyr 



GCA 
ala 



1305 AGA AAT G1A AAA 
arg asn val lys 



GAT 
asp 



GCG AAA GAC AAA GTC GCA AAG GCA GAA AAA 
did lys asp lys val ala lys ala glu lys 



TAT AAA ACA CAG CAA ACC GTT GAC ACA GCA CAA ACT GCC AIC AAC 

tyr lys thr gin gin thr val asp thr ala gin thr ala He dsn 

1396 AAG CTG CCA AAC GGA ACA GAC AAA AAG AAC CTT CAA AAA CGC TTA 

lys leu pro asn gly thr asp lys lys dsn leu gin lys arg leu 



1441 GAC CAA. GTA AAA 
asp gin val lys 



CGA TAC ATC GCG TCA AAG CAA 
arg tyr He ala ser lys gin 



GCG AAA GAC AAA 
ala lys asp lys 



-US ATCCGAGCTTAICGGCCCACTCGTTCCCAAACACACTCGCCATGAAATCAGCATACCCC 
GGAATCGGCAAGCKGTTAAAATCAAGAAGACAGACCCGATAATAA1CAGCGGCATGGT 
CAGGATAATCCG TCAC GC AAAGCGCTGAGAT GC CGC TGCCC GGCAAT TTTCCCGGC GAC 
AGGCATTATTTT T TC C T CCATC ACCCGAGT GAATGTGCTCAT C TTAAAAACCCCCT IT T 
CTCATTGCTTTGT GAAC AACCTCCGCAATGTT T TC TTTATC T T AT T TTGAAAACGC TTA 
CAAATTCATTTGGAAAATTTCC TCTTCATGCGGAAAAAATCTGCATTTTGC T AAACAAC 
CCTGCCCATGAAAAAT T T TTTCCTTCTT ACT AT TAATCTC T C T TT T TTTCTCC GAT AT A 

• TATATCAMCAICAiAGAAAAAiGiGAJiAATC 

+1 ATG AAA AAC AIG TCT TGC AAA CTT GTT GTA ICA GTC ACI CTG ITT 
met lys asn met ser cys lys leu val val ser val thr leu phe 

46 TTC AGT TTT CIC ACC. ATA GGC CCT CTC GCT CAT GCG CAA AAC AGC 
phe ser phe leu thr He gly pro leu ala his aid gin asn ser 

51 AGC GAG AAA GAG GTT ATT GTG GTT I AT AAA AAC AAG GCC GGA AAG 
ser glu lys glu val He val val tyr lys asn lys ala gly lys 

136. GAA ACC ATC CTG GAC 'AGT GAT GCT GAT GTT GAA CAG CAG TAT AAG 
glu thr He leu asp ser. asp ala asp val glu gin gin tyr lys 

131 CAT CTT CCC GCG GTA GCG GTC ACA GCA GAC CAG GAG ACA GTA AAA 

his leu pro ala val ala val thr ala asp gin glu thr val lys 
BamHl ■ 

726 GAA TTA AAG CAG GAT CCT GAT ATT TTG TAT GTA GAA AAC AAC GTA 

glu leu lys gin asp pro asp He leu tyr val glu asn asn val 

111 TCA TTT ACC GCA GCA GAC AGC ACG GAT TTC AAA GTG CTG TCA GAC 
ser phe thr ala ala asp ser thr asp phe lys val leu ser asp . 

316' GGC ACT GAC ACC TCT GAC AAC TTT GAG CAA TGG AAC CTT GAG CCC 
gly thr asp thr ser asp asn phe glu gin trp asn leu glu pro 

351 ATT CAG GTG AAA CAG GCT- TGG AAG GCA GGA CTG ACA GGA AAA AAT 
He gin val lys gin ala trp lys ala gly leu thr gly lys asn 

106 ATC AAA ATT GCC GTC ATT GAC AGC GGG ATC TCC CCC CAC GAT GAC 
He lys He ala val.He asp ser gly He ser pro his asp asp 

451 CTG TCG ATI GCC GGC GGG TAT TCA GCT GTC AGT TAT ACC TCT TCT 
leu ser He ala gly gly tyr ser alaval ser tyr thr ser ser 

496 TAC AAA GAT GAT AAC GGC CAC GGA ACA CAT GTC GCA GGG ATT ATC 
tyr lys asp asp asn- gly his. gly thr his val ala gly He He 

541 GGA GCC AAG CAT AAC- GGC TAC GGA ATT GAC GGC ATC GCA CCG GAA 
gly ala lys his asn- gly tyr gly He asp gly He ala pro glu 

;=5 GCA CAA ATA. IAC GCG GTT AAA GCG CTT GAT CAG AAC GGC TCG GGG 
_ _aia_3Jn He lyr a la val lys a la leujsp gin asn gly ser gly 

:3! GAT CTT CAA AGT CTT CTC CAA GGA ATT GAC TGG TCG AIC GCA AAC 
asp leu gin ser leu leu gin gly He. asp trp ser He ala asn 

:/5 AGG ATG GAC AIC GTC AAT ATG. AGC C TT ".GGC ACG ACG TCA GAC AGC 
arg met asp He val asn met ser leu gly thr thr ser asp ser 

■L AAA ATC CTT CAT GAC. GCC GTG AAC AAA GCA TAT GAA CAA GGT GIT 
• lys He leu his asp ala val asn lys ala tyr glu gin gly val 

J:a CTG CTT GTT GCC GCA AGC GGT AAC GAC GGA AAC GGC AAG CCA GTG 
leu leu val ala ala ser gly asn asp gly asn gly lys pro val 

iU AAT TAT CCG GCG GCA TAC AGC AGT GTC GTT GCG GTT TCA GCA ACA 
. asn tyr pro ala ala tyr ser ser val val ala val ser ala thr 

356 AAC GAA AAG AAT CAG CTT GCC TCC TTT TCA ACA ACT GGA GAT GAA 
asn glu lys asn gin leu ala ser phe ser thr thr gly asp glu 

GTT GAA TTT ICA GCA CCG GGG ACA AAC ATC ACA AGC ACT TAC TTA 

• val glu phe ser ala pro gly thr asn He thr ser thr tyr leu 

FIG. 2. Nucleotide arid deduced amino acid sequences of the epr gene. Nucleotides are numbered starting with the A of the presumed 
initiation codon ATG . The putative ribosome-binding site and a putative transcription terminator are underlined. The partially homologous, 
directly repeated sequences in the C-terminal domain are indicated in brackets. The translational stop codon ( ■ ■ ) is indicated. 



1486 GTT GCG AAA GCG GAA AAA AGC AAA AAG .AAA ACA GAT GTG GAC AGC 

val ala lys ala glu lys ser lys lys lys thr asp val asp ser 

1531 GCA CAA TCA GCA ATT GGC AAG CTG CCT GCA AGT TCA GAA AAA ACG 

ala qln ser ala He gly lys leu pro aid ser ser ql-j lys thr 
JUL 



1576 TCC CTG CAG AAA CGC CTT AAC AAA GIG AAG j AGC ACC AAT TTG AAG 

ser leu gin lys drg leu dsn lys vdi lys\ser thr asn leu lys 

162! ACSjGCA CAG CAA TCC GTA TCT GCG GCT GAA AAG AAA TCA ACT GAT 

t/irjala gin gin ser val ser ala ala glu lys lys ser thr asp 

1666 GCA AAT GCG GCA AAA GCA CAA TCA GCC GTC AAT CAG CTT CAA GCA 

ala asn ala ala lys ala gin ser ala val asn gin leu gin ala 

liU GGC AAG GAC AAA ACG GCA TTG CAA AAA CGG TTA GAC AA.A GTG AAg] 

gly lys asp lys ihr ala leu gin lys arg leu asp lys val iys\ 

17S6 AAA AAG GTS GCG GCG GCT GAA fit A AAA AAA GIG GAA ACijGCA AAG 

lys lys val aid ala aid glu ala lys lys val glu Ihrlald lys 

ISO! GCA AAA GTG AAG AAA GCG GAA AAA GAC AAA ACA AAG AAA TCA AAG 

did lys val lys lys aid glu lys asp lys ihr lys lys ser lys 
PsU 

1346 ACA ICC GCI CAG TCT GCA GIG AAi CAA T1A AAA GCA iCC AAT GAA 

Ihr ser ala gin ser ala val asn gin leu lys aid ser asn glu 



139! AAA ACA AAG CTG CAA .AAA CGG CTG AAC GCC GTC AAA 
lys thr lys leu gin lys drg leu dsn did val lys 



CCG AAA AAG 
pro lys lys 



1936 IAA CC AAAAACCTTTAAGA T TTGCAT TC C AAG TCTT AAAGGT TT TT TT CAT TC 7AAGA 
1994 AC ACC ACAC ACAAC C TT TTT CCCAT CC ATTGT 
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FIG. 3. i A ) Comparison of the deduced amino acid sequence of >J- p ^ ^notS Z des^d whh a'coio,,' UnreUcci amino 
identical amino acids are indi cated by the ^propnate s, M - ^ ; ^ ' shown . lB) Comparison of homology he.*«n the deduced 
^TS^T^\: - KrfC. ,0 ammo acds of Epr a,e no, sho.n. 

\ TpN^aJd di£tS 2Su% 

U" After reiigation an/transformation. one plasmid CpNM) 
i eleaed S wh,ch contained a 2.3-kb insert '"«"d°'< hc 
iorieinal 2.7-kb insert. (As predicted, deletton ot .he 4O0 Dp o 
generated a fragment that, when cloned on a B«n//,i. 
• plasmid. no longer produced an active protease, as measured 
'bv the appearance of a halo on casein plates.) 

"To introduce the deleted gene into the B. sub, ''" Chromo- 
some, the cat gene described above was introduced m to the 
tV Rl site on pNPS to create pNP9. Th.s t. ro/, plasmid was 
J T o transform B. 5/ifc/i/i.v GP208 to Cm' , and 70% ol the 
e It.ng transformants had a very sligh, h, do and 30* ad 
no halo? on casein plates. The absence ol a halo is the result 
a double crossover even, betweer .homologous chromo- 
somal DNA and a concatemer of the plasmid DNA (U). 



plasmid cannot replicate autonomously in B. suhtihs. the 
Cm r transformants were expected to arise by vir.ue o. 
single, reciprocal recombination event between the cloned 
»r gene on the plasmid and the chromosomal copy o! th, 
gene Southern hybridization confirmed that the cm gene 
had integrated in the chromosome at the site of the cloned 
epr gene Mapping experiments indicated that the insertecl 
cat gene and epr gene were tightly hnked to *kvU2/ (77* 
^transduction), weakly linked to purAI6 <>% cotransdu.- 
tion), and unlinked to toW/. These findings suggest that the 
epr gene is s.tuated near .sac A. in an area of the genetic map 
not known to contain any other protease genes. 

epr is a nonessential gene. To examine the function of he 
■ W r gene, we constructed a deletion in the 5 end ol the 
cloned cenc and then replaced the wild : type..gene m the 
chromosome with the in.'vitro-created deletion mutation. A 
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92.5 



69 



46 



1 2 
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FIG 4 Analysis of protein products by SDS-polyacrylamide gei 
electrophoresis. (A) Autoradiograph of [ 35 S]methionine-labeled pro- 
teins synthesized in an S30-coupled transcription-translation system 
and electrophoresed on a 7.5% polyacrylam.de-SDS gef Lanes: . 
nNP 7 - "> pUC19 The arrows indicate the 75-kDa, 60-kDa. and 
14-kDa "proteins sy nthesized f rom P NP2. Molecular mass standards 
"arTriveniHkilodalions. The thickest bluTdTn both lanes-corresponds 
to S-lactamase of pUC19. (B) Electrophoresis of culture superna- 
,ants Cultures were grown in LB with chloramphenicol (5 |xg/m!!. 
Three hours after me onset of stationary phase, culture supernatant* 
were removed, boiled in SDS sample buffer, electrophoresed on a 
7 5% polyacrvlamide-SDS gel, and stained with Coomassie brilliant 
blue. Lanes: 1. P Bs81/6; 2. P NP3: 3. pNP6 (pNPl w.tlr the 1 ,6-kb 
EcoVM fragment deleted). The arrows indicate the 38-kDa and 
M-kDa proteins synthesized from P NP3. Molecular mass standards 




Sma)IHpal 



epr A 




are given in kilodaltons. 



FIG. 5. Construction of plasmid pNP9 containing a deletion 
mutation of the epr gene. 



hi'ed to produce a halo on casein plates (Fig. 7). In liquid 
Ajltures, however. [ 1J C!cas_ein .protease assays indicated 
that epr alone did not contribute significantly to the residual 
„ m |H^e activity. A strain with deletion mutations in epr. 
'„„■ pnr and tin did not produce significantly less protease 
than a'strain with mutations in just opr. npr. and hp in liquid 
culture. Apparently, ihis result is not reflected on a casein 
plate Finally, both erowth and sporulation were checked in 
standard laboratory media. No differences were seen in 
amwth in LB medium. Similarly, no appreciable differences 



these strains contained the E. coli replicon and cat gene 
flanked by two copies of the deleted epr gene. To screen for 
a strain that had undergone a recombination event between 
the two copies of the bepr and hence had jettisoned the cat 
gene and the E. coli- replicon. a colony was selected and 
grown overnicht in rich medium without drug selection. 
Individual colonies were then screened for drug resistance, 
and about 0.1% were found to be Cm\ One such strain 
(GP216) was selected for further study. 

First, Southern hybridization was used to confirm that the 
strain did indeed contain a deletion in the chromosomal epr 
gene (Fig. 6). Second, like the Cm r parent strain. GP216 



2.7kb 
23 kb 



FIG 6 Southern hybridization depicting deletion of the chromo- 
somal epr gene. 6. suhtilis chromosomal DNA was digested with 
//mdlll and probed with the nick-translated epr gene. (A) Ul -Uis. 
(B) GPCOS: (C) GP216 iiepr). 
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FIG 7 Assav for protease activity on casein plates. A lop layer 
containing 1% dry milk was added to tryptose blood agar base 
plates. (A) GP216 (Aepr); (B) GP208. 

were seen in sporulation frequency after growth .on DSM 
medium (18) for 30 h (10 8 spores per ml for both GP208 and 
GP216). . 

DISCUSSION 

The primary product of the epr gene is a 69,702-dalton 
proTeinthat appears to be processed to yield a 34,000-d^on 
Jrotease. Subclones of the gene encoding only fi rst 405o, 
the 640 amino acids produced , the active 34 000-da ton 
protease/arguing that the enzyme normally undergoes C- 
ferminal processing and that the final 240 ammo ac.ds are not 
required for activity. Several unusual features were ob- 
served in this C-terminal portion of the protein. First, the 
C-termina! domain was unusually -rich in basic amino acids, 
with lysine accounting for approximately 24% of the ammo 
acids. Second, a partially homologous 44-am.no-acid se- 
quence was repeated five times between nucleotides U68 

an Two 2 ltt2 extracellular proteases have been described 
which contain a large C-terminal domain that is processed 
However, in both these cases (IgA protease from Nassau, 
gonorrhoeae [14] and a serine protease from Serrano mar- 
cescenTp-]) the C-terminal domain is involved in excretion 
of the protease through the outer membrane of a gram- 
negative bacterium and is essential for enzyme product^ 
The role of the C-terminal 240 amino ac.ds of Epr remains to 

' The protease encoded by epr is a serine protease with 
homology (40%) to both sub.ilisin and ISP-1 Fig 3A and Bl 
Ep?does not appear to correspond to a previously described 
esterase, bacllopeptidase F (12. 16). The amino acid com- 
position predicted for Epr does not resemble 'hat deduced 
for bacillopeptidase F (16). and a strain carrying a dekt on n 
the epr gene (GP216) did not produce less esterase activity 
than the parent' strain GP208. R. Bruckner and R Do, 
(personal communication) have independently idemiMco a 
new protease gene that maps in. the sac A region ol the B. 
subiilis chromosome and is likely to be the same as epr 

The presence of residual protease activity in the ctil ire 
fluids in V subiilis strains deleted for the epr gene (as well 
the opr. npr. and isp genes) suggests that B. subnlts conta.ns 
additional aenes encoding minor extracellular proteases 
peSi ps similar to epr. The extracellular protease gene 
characterized to date (epr. opr. and npr) are all loo, d 
different loci on the B. subnlis chromosome, and none arc 
essential for growth or sporulation < 19. 23). apr ana npr a u. 
both regulated by the savQ. sacU. hpr. prtR. and certain 
"p 0 genes (5. %)At will be interesting to de.erm.nc who her 
the epr gene is also regulated by these loc, in the same 
manner as the apr and npr genes. 
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Cloning of the Neutral Protease Gene of Bacillus subtilis and the 
Use of the Cloned Gene to Create an In Vitro-Derived Deletion 
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The neutral protease gene of Bacillus subtilis has been cloned, and its nucleotide sequence has been 
determined.. The cloned gerie was used to create an in vitro-derived deletion mutation, which was used to 
replace the wild-type copy of the gene. This deletion, in combination with a deletion of the alkaline protease 
gene, completely abolished protease production. The loss of the proteases had no detectable effect on growth, 
morphology, or sporulation. 



Bacillus subtilis produces two major extracellular pro- 
teases, a neutral protease and an alkaline protease (or 
subtilisin). Both are produced after the exponential growth 
phase, when the culture, enters the stationary phase and 
begins the process of sporulation. The physiological role of 
these two proteases is not clear. They have been postulated 
to play a role in sporulation (15. 35. 36), to be involved in the 
regulation of cell wall turnover (17), and to be scavenger 
enzymes (36). The regulation of expression of the protease 
genes appears to be complex. They appear to be co- 
ordinately regulated with sporulation, since mutants blocked 
in the early stages of sporulation exhibit reduced levels of 
both the alkaline and neutral proteases (15. 35). Addition- 
ally, a number of pleiotropic mutations exist that affect the 
level of expression of proteases and other secreted gene 
products, such as amylase and levahsucra.se (36). The neu- 
tral protease structural gene also has a tightly linked regu- 
latory gene. nprR2, which overproduces neutral protease 
about 30-fold as compared with the wild-tvpe allele, nprRl 
(44). 

Well-characterized mutations of these protease genes have 
been difficult to obtain for a number of reasons. Since there 
exist at. least two proteases, screening for the loss of one is 
difficult. Additionally, the large number of pleiotropic mu- 
tations affecting both sporulation and protease production 
make- the -isolation— of true protease mutations -difficult. 
Temperature-sensitive mutants of the neutral protease gene 
have been obtained and were used to map the position of the 
structural gene. nprE (43). Additionally, a presumed non- 
sense mutation of the alkaline protease gene was character- 
ized, but never mapped (39). 

To facilitate the study of the regulation of these protease 
genes and their physiological role(s), we decided to clone the 
structural genes for the two major proteases. Such an 
approach should allow a characterization of the regulatory 
regions involved in their expression. Additionally, one might 
then create precisely defined mutations of the genes and 
study their effects upon transfer back into the genome. A 
previous report detailed the cloning and creation of a de- 
letion mutant of the alkaline protease gene (42). This report 
details the cloning of the neutral protease gene of B. subtilis. 
the determination of its nucleotide sequence, the creation of 
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an in viiro-derived deletion mutation, and the effects of the 
loss of both the alkaline and neutral proteases. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. Escherichia colt MM294 
(F~ supE44 endAI thi-l hsdR4) was used for all plasmid 
constructions, unless otherwise indicated (2). The B. subtilis 
strains used in this study are listed in Table 1. Plasmids 
pJHIOl. pBS42. and pBR325 have been previously described 
(3. S. 12). E. coli was transformed by the calcium chloride 
shock method as described previously, with selection on LB 
plates containing ampicillin at 20 u.g/ml or chloramphenicol 
at 12.5 u.g/'ml (14). B. subtilis strains were transformed by the 
procedure of Anagnostopoulos and Spizizen (1): 1 m.M ethyl- 
ene glycoi-bis(p-aminoethyl ether)-/V./V-tetraacetic acid was 
added to the stage 11 media for plasmid transformations (13). 
Selection was on tryptose-blood agar base (Difco Labora- 
tories) or LB skim milk plates (1.5% Carnation powdered 
nonfat milk) supplemented with chloramphenicol (5 (xg/ml) 
for plasmid transformation. Auxotrophic markers were se- 
lected on minimal glucose plates supplemented with the 
appropriate amino acids (50 u.g/ml) (41) or on C medium plus 
fructose (34). The preparation of PBS1 transducing lysatcs 
and PBSi transduction was as previously described (16). 

Reagents. Restriction enzymes, polynucleotide" kinase, 
bacterial alkaline phosphatase, and the Klenow fragment of 
DNA polymerase I were purchased from commercial sources 
and used according to the suppliers' conditions, a packaging 
mix was purchased from a commercial source (Packagene: 
Promega Biotec). Oligonucleotides were provided by the 
Genentech Organic Synthesis Group and were synthesized 
oy trie pnosphotriestcr method (11). 

Phage and plasmid constructions. A Charon 30 bank of B. 
subtilis GSY264 DNA was constructed essentially as pre- 
viously described (47). Partial Sau3.\ fragments were sized 
on an agarose gel. and 15 to 20-kilobase fragments were 
eluted. ligated into Charon 30 arms, packaged, and plated 
with strain DP50 supF as a host (7). The separation of 
restriction fragments on polyacrylamide and agarose gels 
and the electroelution of DNA fragments were performed as 
previously described (19). All plasmid constructions were 
made with DNA purified by electroelution from gels. Chro- 
mosomal, phage, and plasmid DNAs were prepared as 
previously described (4. 6. 7. 10. 22). DNA sequencing was 
performed by the chain-terminating dideoxy method (38). 
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TABLE 1. B. subiilis strains used in this studv 



Strain 


Genotype'' 


Origin 


DU ID 


ptlrDO rrlclDJ llltAo lyS-zl 


A. UJIIZZ1 (I LMnrOI 








Du4U 




A. uahzzi ( Yti 1 /44) 




jruali ura-i 


BuiC 1 1 A 2.i / ) 


BG84 


lsp<?UAo77 prt-7/ 


(42) 


Uj t ztw 


tnir-264 


BOoL. ( 1 A / 21 


DUiUIo 


trpLl prt-/./ aapr-o// 


(42) 




\apr-684 ■ 


(42) 




Aapr-ot>4 «pr::piNPKsubnl-i 


pNrKsubHIA 






x tJU-uiy 


BG2035 


\apr-684 purBb leuA8 lys-21 


E. Ferrari 




ihr-5 hisA 




BG2036 


\apr-684 HnprE522 


Cm" of BG2034 


BG2043 


\nprE-522 leuAS thr-5 his A 


BG2036 DNA 




(sacA321) 


x BG16 


BG2054 


\nprE-522 leuA8 lhr-5 hupr- 


BG2018 DNA 




684 (sacA321) 


x BG2043 



' The presence of loci shown within parentheses was not tested. 



For certain fragments dITP was used to reduce compression 
artifacts (28). Specific restriction fragments were ligated into 
the appropriate M13 vectors mp8 or mp9 (27). 

Filter hybridizations. Transfer of DNA from agarose gels 
to nitrocellulose- filters was by the method of Southern (40) 
after depurination .(45). Screening of phage plaques by 
transfer to nitrocellulose was done as described previously 
(5). Oligonucleotides were labeled bv phosphorvlation with 
[7- 3: P]ATP( -5,000 Ci/mmoi; New England Nuclear Corp.). 
DNA fragments were labeled- with [a- 32 P]dCTP f— 3.000 
Ci/mmol: New England Nuclear) by nick translation. Hy- 
bridization and washing conditions for fragments labeled by 
nick translation were as previously described (24). Hybridi- 
zations to phosphorylated oligonucleotide probes were at 
37°C in a solution of 5 x Denhardt solution. 5 x SSC ( 1 x SSC 
is 0.15 M NaCl.plus 0,015 M sodium citrate). 50 m,M NaPOj 
(pH 6!8). and 20% formamide. Filters were prehybridized in 
the same buffer also containing 250 p.g of sheared denatured 
salmon sperm DNA per ml. Washing was in 6x SSC at 37"C. 

Assays. Protease assays were done by adding 0. 1 ml of the 
culture supernatant to a suspension of 1.4 mg of azocoll 
(Sigma Chemical Co.) per ml in 10 mM Tris-hydrochio- 
ride-100 mM NaCl ( pH -6r8) and-ineutvating-with agitation at 
37°C for various times. Undigested azocoll was pelleted by 
centrifugation. and the optical density at 505 nm was deter- 
mined. Background values of an azocoll suspension withoui 
supernatant were subtracted. Cultures for protease assays 
were grown for 16 h in minimal media supplemented with 
0.1% casein hydrolysate and all auxotrophic requirements. 
Chloramphenicol (10>g/mi) was added to the media of 
strains carrying plasmids. Sporulation was determined by 
growing cultures in LDSM sporulation media (20) supple- 
mented with auxotrophic requirements and chloramphenicol 
(10 u-g/ml) for strains carrying plasmids. The total cell count 
was determined by plating appropriate dilutions of the 
culture, and the number of spores was determined by plating 
dilutions after heating to 80°C for 10 min. The percent 
sporulation was the number of spores divided by the total 
cell count. In vitro transcription-translation assays were 
done with a kit (Amersham Corp.). The reaction products 
were separated on a 105? sodium dodecyl sulfate-poly- 
acrylamide gel (23). After electrophoresis, the gel was im- 
pregnated with Enlighten (New England Nuclear) and 
fluorographed. 



RESULTS 

Design of the oligonucleotide probe. The 17-rner oligonu- 
cleotide probes for the neutral protease gene were based on 
the published partial amino acid sequence of the B. subiilis 
neutral protease (21). The rationale is outlined in Fig. 1. 
where the six amino acids used and all of the possible codons 
are shown. Twenty-four combinations are necessary to 
cover all of the possible coding sequences. Four pools of six 
17-mer oligonucleotides were synthesized (Fig. 1). No other 
region of the published protein sequence could be covered 
with such a limited set of oligonucleotides. 

Genomic hybridizations. To determine whether the se- 
quences of the oligonucleotide probes were unique in the B. 
subiilis genome, and to empirically determine the proper 
hybridization conditions, each of the oligonucleotide pools 
was labeled by phosphorylation with [7- ?2 P]ATP and hybrid- 
ized to a blot of B. subtilis GSY264 DNA that had been 
digested with various restriction enzymes. Hybridizations 
were performed at increasing stringency until a single band 
was seen to hybridize with the probe. At those conditions (as 
detailed above), pool 4 hybridized strongly to an EcoRl band 
of approximately 4.300 base pairs (bp) and to an HindlH 
band of approximately 2,400 bp. Pools 2 and 3 hybridized 
weakly to the same bands, whereas pool 1 showed no 
hybridization under those conditions. Thus pool 4 was 
chosen as the probe for the isolation of the gene. 

Isolation of a X phage containing the neutral protease gene. 
A X library of strain GSY264 DNA was screened by hybridi- 
zation with labeled oligonucleotide pool 4. and several 
positive plaques were identified. Each of the positive plaques 
was purified through two rounds of single-plaque purifica- 
tion, and two plaques were chosen for further studv. des- 
ignaied X NPRGl and X NPRG2. DNA was prepared from 
each phage, and DNA blot hybridization analysis showed 
that X NPRGl contained a 2.400-bp HindUl fragment thai 
hybridized to oligonucleotide pool 4. but not a 4.300-bp 
EcoRl fragment, whereas X NPRG2 contained a 4.300-bp 
£<-() R I fragment, but not a 2.400-bp Hind\U fragment. The 
2.400-bp /////dill fragment of X NPRGl was subcloned into 
the HindUl site of pJHIOl. Several plasmids were isolated 
that contained the 2.400-bp fragment. Restriction analysis 
showed that both orientations of the fragment were ob- 
tained; one orientation was designated pNPRsubHl. and the 
other orientation was designated pNPRsubHb. The 4.300-bp 
EcoRl fragment of X NPRG2 was subcloned into the EcoRl 
site of pBR325. Again, both orientations of the fragment 
were obtained: these were designated pNPRsubRI ami 
pNPRsubRlb. 

Characterization of the neutral protease gene. A restriction 
map of the insert in pNPRsubHl was obtained by standard 
restriction analysis (Fig. 2). DNA blot hybridization was 
used to localize the region of the presumed coding sequence 
of the neutral protease gene. A 430-bp Rsa\ fragment was 
the smallest fragment that hybridized to the probe, and that 



Pool 1 
Pool 2 
Pool 3 
Pool 4 



GAT 
GAC 
GAT 



CAA V 



/>CAG 



> 



ATS ATC TAl GG 



GAC 

Asp Gln Met Ile Tyo Gly 
FIG. 1. Sequence of oligonucleotide probes. 
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82 Rl Rso Rl Rsa Rsa 82 



K3 



Stul 



82 



Rl 



pNPRsubHI 
pNPRsubHIA 



pNPRsubRI 



j.K i i Restriction map of the neutral protease gene. This re- 
incin'ii map is 11 composite of sequence data, DNA blot hybridi- 
, l!u , n , ;md restriction analysis of cloned DNA fragments. Only 
no discussed in the text are noted. Arrows indicate the ends of the 

^Miicnced region. Double lines indicate the coding region for the 

neutral protease gene, and filled double lines indicate the coding 
i' or the mature protein. Single lines below the res'lriction map 

n.dieiiic the extent of the DNA carried by various plasmid dunes. 

I i nscription of the gene is from right to left. Abbreviations: H3. 

,/mdlll: B2. «.t'/ll: Rl, EcoRl: Rsa. Rsal 

I'raumenl was lifted in the Smal site of M13 mp8. The 
sequence of the Rsal fragment was determined, and a 
>cqtience thai matched that of the oligonucleotide probe was 
found. Translation of the surrounding sequence matched 
almost exactly the published protein sequence of the neutral 
protease (21). Other restriction fragments from the pNPR- 
siihHl insert were ligated into appropriate M13 vectors and 
^c^uenc^d. An open reading frame spanning the published 
.■mine and carboxyl terminus of the neutral protease was 
determined. The open reading frame extended past the 
published amino terminus to the end of the cloned W/tdll! 
fragment. The !.300-bp Bglll-HiiMU fragment from pNPR- 
MihRIb was cloned into M13 mp8, and the sequence 
■a as determined for an additional 400 nucleotides from the 
/////dill site (Fig. 2), The nucleotide sequence and the 
translated amino acid sequence are shown in Fig. 3. 

(ienetic mapping of the neutral protease gene. The chro- 
mosomal location of the neutral protease gene has been 
previously determined' to lie between the J'niB and cysC loci 
>-i5>. The genetic location of the cloned 2.400-bp HindlU 
fragment of pNPRsubHI was determined by transformation 
of the pNPRsubHI into strain 1168 and selection for inte- 
gration of the plasmid by selection for Cm r . PBS1 transduc- 
ing lysates of the strain carrying the_jntegraied_plasmids 
'Acrcprepare-d-and usedTOTfansduce strain BG40 [rnetC urn] 
•mil PG524 (itra-3 fiuH22) with selection for Cm'. Linkage of 
the fruB. metC. and urn loci to the Cm r were 80. 18. and 
j <- •' , respectively. Analysis of the transductants from three- 
tactor crosses suggested that the gene order is metC-fniB- 
<. m'-ura. These data are consistent with the previously 
determined location of the neutral protease gene. 

Creation of a deletion mutation of the neutral protease gene. 
I'o create a deletion mutation of the neutral protease gene, a 
plasmid was constructed'that was deleted for the two Rsal 
iragments in the insert of pNPRsubHI. The deletion of the 
t'.\o Rsal fragments deletes 527 nucleotides from the coding 
sequence of the neutral protease gene. pJHIOl was digested 
v. ith HiniilU. treated with bacterial alkaline phosphatase, 
.md ligated with the left-hand 1.200-bp. rYj'/idlll-ftwI and 
t ight-hand 680-bp Rsnl-HindlU fragments of the insert of 
pNPRsubHI (Fig. 2 1. A plasmid was isolated which had the 
: c!i- and right-hand fragments in the same orientation as in 
pNPRsubHI. but which lacked the internal Raul fragments. 
I his plasmid was designated pNPRsubHIA. 

Replacement of the wild-type neutral protease gene with a 
deletion mutation. Plasmid pNPRsubHIA was transformed 
i>iu> B. subiilis BG2019 and integrants were selected on LB 



skim milk plates plus chloramphenicol. Two types of Cm' 
trunsformants were noted, those with parental levels of 
proteolysis surrounding the colony and those with almost no 
/.one of proteolysis. Those lacking a zone of proteolysis 
were picked and resireaked to purify individual colonies, 
and their protease-dehcient character on skim milk plates 
w as confirmed. One of the Cm', proteolysis-deficient colo- 
nies was chosen for further studies (designated BG2034). 
Spontaneous Cm s revertants of BG2034 were isolated by 
overnight growth in LB medium containing no chloramph- 
enicol, plating for individual colonies, and replica plating on 
media with and without chloramphenicol. Three Cm" rev- 
ertants were isolated, two of which were protease proficient 
and one of which had the protease-deficient phenotype of the 
parent (designated BG2036). DNA blot hybridization analy- 
sis was used to confirm the genotypes of BG2034. Figure 4 
shows such a blot of Wmdltl-digested DNA. Lane 1 shows 
the wild-type pattern, with an Hindlll band of 2.400 bp: 
lane 2 shows a strain carrying the integrated plasmid 
pNPRsubHIA. and the wild-type 2.400-bp fragment is de- 
tected along with the 1.900-bp deletion fragment: lane 3 
shows the strain from which the plasmid was lost, leaving 
behind the 1.900-bp deletion fragment. Lanes 4 and 5 show 
//mdlli digests of pNPRsubHI and pNPRsubHU. respec- 
tively. 

Expression of the neutral protease gene on a high-copy 
plasmid. The neutral protease gene was placed on a high- 
copy plasmid to determine whether the neutral protease 
would be overexpressed. Figure 5 shows the construction of 
a plasmid. pNPRlO. carrying the structural gene for the 
neutral protease and approximately 900 bp of sequence past 
the amino terminus of the gene, which should contain the 
regulatory signals for expression. Strain BG84 carrying 
pNPRH) overexpressed neutral protease as determined on 
milk plates ( Fig. 6) and by measurement of protease activity 
in culture supernatants (Table 2), Plasmid pNPRlO was also 
used to program an in vitro transcription-translation assay to 
confirm the size of the coding region of the gene determined 
by the sequence. Figure 7 shows the translation products of 
pNPRH) and the parent plasmid pBS42. A protein migrating 
with an apparent molecular weight of 67.000 is seen in the 
assay programmed with pNPRlO (Fig. 7, lanes 1 through 3) 
that is not present in the assay programmed with pBS42 
(lane 5). Although the apparent molecular weight is .signifi- 
cantly larger than the translated molecular weight of the 
neutral protease gene (55.000). the mature neutral protease 
migrates on gels with an apparent molecular weight of 
45.000. although its actual molecular weight is 33.000 (48). 

Phenotype of strains lacking functional proteases and over- 
expressing proteases. The growth, sporulation. and expres- 

TABLE 2. Effect of protease deletions on protease expression 
and sporulation 



Strain 


Genotype" 


Protease 
activity* 


Spurulalion 


BGl'i 


Wild type 


100 


40 


BG20.15 


\apr-684 


70 


20 


BG 21)43 


ynprFJ22 


20 


20 


BG20?4 


±upr-684 SnprE522 


ND 


45 


BG84(pHS42) 


yspo0A677 pn-77 


ND 




BG84(pNI'R10l 


lspoOA677 pn-77 


3.000 





" Only ihc loci relevant io ilie proiea.se phenotype are •vho^n. Complete 
genoiypes arc shown in Tabic 1. 

* Protease activity is expressed in arbitrary units. BG16 ua> assigned a 
level of H>0. ND indicates that the level of protege wns not delegable in the 
assav u>cd, 
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sion of proteases was examined in strains lacking a func- 
tional gene for either the neutral or alkaline protease or both 
The expression of proteases was examined by a zone of 
clearing surrounding a colony on a skim milk plate (Fig. 6) 
and by measurement of the protease levels in liquid culture 
supematants (Table 2). Strain BG2035. carrying a deletion of 
the alkaline protease gene, showed a 30% reduction in the 
level of protease activity and a normal halo on milk plates. 
Strain BG 2043, carrying a deletion of the neutral protease 
gene, showed an 80% reduction in the protease activity and 
only a small halo on the milk plate. Strain BG2054, carrying 
deletions in both genes, showed no detectable protease 
activity in this assay and no detectable halo on milk plates. 



The deletion of either or both of the protease genes had no 
apparent effect on either growth or sporulation. Strains 
carrying these deletions had no detectable alteration in 
growth rates (data not shown). The strains sporulated at 
frequencies comparable to that of the parent strain BG16 
(Table 2). In other genetic backgrounds, strains carrying 
both protease deletions, for example. BG2036. showed spo- 
rulation frequencies of >90%. Examination of the morphol- 
ogy of these strains showed no apparent differences from 
strains without such deletions. Additionally, the morphology 
of strains overproducing proteases on a high-copy plasmid 
was examined. Strain BG2036 was transformed with either 
pBS42, pNPRlO. or pS4, a plasmid carrying the Bacillus 



CACATGACAC TTGACTCATC TTGATATTAT TCAACAMAA CAAACACAG6 ACAATACTAT CAAITTTGIC TAGTTATGTT AGTTTTTGTT GAGTATICCA GAATGCTAGT TTAATATAAC AATATAAAGT TTTCAGTATT 

1 10 20 30 

met gly leu qly lys lys leu ser val arg val ala ala ser phe met ser leu ser ile ser leu pro q 1 y val gin ala ala glu gly his gin leu lys 
TTCA AAAAGG GGGATTTATT GTS GGT TTA GGT AAG AAA TTG TCT GTT CGT GTC GCT GCT TCG TTT ATG AGT TTA TCA AIC AGC CTG CCA GGT GIT CAG GCT GCT GAA GGT CAT CAG CT7 AAA 

40 50 60 '0 

glu asn gin thr asn one leu ser lys lys pro ile ala gin ser glu leu ser ala pro asn asp lys ala val lys gin one leu lys lys asn ser asn ile phe lys gly asp pro 
GAG AAT CAA ACA AA.T T.TC CTC TCC AAA AAG CCG ATT GCG CAA TCA GAA CTC TCT GCA CCA AAT GAC AAG GCT GTC AAG CAG TTT TTG AAA AAG AAC AGC AAC »TT TTT AAA GGT GAC CCT 

80 90 100 1 10 

ser lys ser val lys leu val glu ser thr thr asp ala leu gly tyr lys his phe arg tyr ala pro val val asn gly val pro ile lys asp ser gin val ile val his val asp 
TCC AAA AGC GTG AAG CTT GTT GAA AGC ACG ACT GAT GCC CTT GGA TAC AAG CAC TTT CGA TAT GCG CCT GTC GTT AAC GGA GTG CCA ATT AAA GAT TCG CAA GTG ATC GTT CAC GTC GAT 

U0 130 140 150 

lys ser asp asn val tyr ala val asn gly glu leu his asn gin ser ala ala lys thr aso asn ser gin lys val ser ser glu lys ala leu ala leu ala phe lys ala ile gly 
AAA TCC GAT AAT GTC TAT GCG GTC AAT GGT GAA TTA CAC AAT CAA TCT GCT GCA AAA ACA GAT AAC AGC CAA AAA GTC TCT TCT GAA AAA GCG CTG GCA CTC GCT TTC AAA GCT ATC GGC 

' 160. "0 '80 ISO 

lys ser pro asp ala val ser asn giy ala ala lys asn ser asn lys ala glu leu lys ala ile glu thr lys asp gly ser tyr arg leu ala tyr asp val thr ;le org tyr val 
AAA TCA CCA GAC GCT GTT TCT AAC GGA GCG GCC AAA AAC AGC AAT AAA GCC GAA TTA AAA GCG ATA GAA ACA AAA GAC GGC AGC TAT CGT CTT GCT TAC GAC GTG ACG ATT CGC TA1 GTC 

■ 200 210 220 Mature 230 

glu pro glu pro ala asn trp glu val leu. val asp ala glu thr gly ser ile leu lys gin gin asn lys val glu his ala ala ala thr gly ser gly thr thr leu lys gly ala 
GAG CCT GAA CCT GCA AAC TGG GAA GTC TTA GTT GAC GCC GAA ACA GGC AGC ATT TTA AAA CAG CAA AAT AAA GTA GAA CAT GCC GCC GCC ACT GGA AGC GGA ACA ACG CTA AAG GGC GCA 

.ZiO 250 260 270 

thr val pro leu asn ile ser tyr glu gly gly lys tyr val leu arg asp leu ser lys pro thr gly thr gin ile ile thr tyr asp leu gin asn arg gin ser arg leu pro gly 
ACT GTT CCT TTG AAC ATC TCT TAT GAA GGC GGA AAA TAT GTT CTA AG A GAT CTT TCA AAA CCA ACA GGC ACC CAA ATC ATC ACA TAT GAT TTG CAA AAC MSA C*» AGC CGC CTT CCG GGC 

280 290 300 310 

thr leu val ser ser thr thr lys thr phe thr ser ser ser gin arg ala ala val asp ala his tyr asn leu gly lys val tyr asp tyr phe tyr ser asn phe lys arg asn ser 
ACG CTT GTC TCA AGC ACA ACG AAA ACA TTT ACA TCT TCA' TCA CAG CGG GCA GCC GTT GAC GCA CAC TAT AAC CTC GGT AAA GTG TAC GAT TAT TTT TAT TCA AAC TTT AAA CGA AAC AGC 

320 - 3 3 0 34 0 3 5 0 

tyr asp asn lys gly ser lys ile val ser ser val his tyr gly thr gin tyr asn asn ala ala trp thr gly asp gin met ile tyr gly asp gly asp gly ser phe pne ser pro 
-TA-T-GAT-AAC AAA GGC AGT AAA-ATC- GTT TC-WCC-GTT GAC-TAC GGC ACT CAA TAC AAT AAC GCT GCA TGG ACA GGA GAC CAG ATG AT.T TAC GGT -GAT- GGC GAC GGT TCA T.TC TTC TCT CCG 

360- 370 380 390 

leu ser gly ser leu asp val thr ala his glu met thr his gly val thr gin glu thr ala asn leu ile tyr glu asn gin pro gly ala leu asn glu ser phe ser asp val phe 
CTT TCC GGC TCA TTA GAT GTG ACA GCG CAT GAA A [G ACA CAT GGC GTC ACC CAA GAA ACA GCC AAC TTG ATT TAT GAA AAT CAG CCA GGT GCA TTA AAC GAG TCT TTC TCT GAC GTA TTC 

400- 410 420 430 

gly tyr phe asn asp'thr glu asp trp. asp ile gly glu asp ile thr val ser gin pro ala leu arg ser leu ser asn pro thr lys tyr asn gin pro aso asn tyr ala asn tyr 
' GGG TAT TTT AAC GAT ACA GAA GAC TGG GAC ATC GGT GAA GAC ATT ACG GTC AGC CAG CCT GCT CTT CGC AGC CTG TCC AAC CCT ACA AAA TAC AAC CAG CCT GAC AAT TAC GCC AAT TAC 

440 450 460 470 

arg asn leu pro asn thr asp glu gly asp tyr gly gly val his thr asn ser gly ile pro asn lys ala ala tyr asn thr ile thr lys leu gly val ser lys ser gin gin ile 
CGA AAC CTT CCA AAC ACA GAT GAA GGC GAT TAT GGC GGT GTA CAC ACA AAC AGC GGA ATT CCA AAC AAA GCC GCT TAC AAC ACC ATC ACA AAA CTT GGT GTA TCT AAA TCA CAG CAA ATC 

480 4 9 0 500 510 

tyr tyr arg ala leu thr thr tyr leu thr pro ser ser thr. phe lys asp ala lys ala ala leu ile gin ser ala arg asp leu tyr gly ser thr asp ala ala lys val glu ala 
TAT TAC CGT GCG TTA ACA ACG TAC CTC ACG CCT TCT TCC ACG TTC AAA GAT GCC AAG GCA GCT CTC ATT CAG TCT GCC CGT GAC CTC TAC GGC TCA ACT GAT GCC GCT AAA GTT GAA GCA 

520 521 ■ 

ala trp asn ala val gly leu 0C 



GCC TGG AAT GCT GTT GGA TTG TAA TATTAGGAAA AGCCTGAGAT CCCTCAGGCT TTTATTGTTA CATATCTTGA TTTCTCTCTC AGCTGAAACG ACGAAAAGAT GCTGCCATGA GACAGAAAAC CGCTCCTGAT 
TTGCATAAAG AGGGATGCAG CCGCAAGTGC GCATTTTATA AAAGCTAATG ATTCAGTCCA CATAATTGAT AGACGAATTC 

■ FIG. 3. Nucleotide sequence of the neutral protease gene. The amino acid sequence of the predicted polypeptide product is shown above 
the nucleotide sequence. Numbers above the line refer the amino acid positions. The start site of the mature product is amino acid 222. The 
potential Shine-Dalgarno sequence is underlined, and the position of the inverted repeat sequence following the gene is indicated by 
overlining. 
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4. DNA blot hybridization analysis of ihe neutral protease 
, . n e Shown are the electrophoretic patterns of ///ndlll-digesied 
: p S ,\ of strain BG2019 (lane 1). strain BG2034 (lane 2). strain 
mPlf.ft (lane 3). plasmid pNPRsubHl (lane 4), and plasmid 
pSPKsubHIA (lane 5)'. The probe used was the 2.400-bp HindWl 
[y-aument of pNPRsubHl. The figure is a composite of two expo- 
Mire» °> lne Siime nlter 10 compensate for the increased signal in 
lane- 4 and 5. 

( ii,nli>liqiiifacicns subtilisin gene (46). and examined during 
both the exponential and stationary phases. No morphologi- 
cal difference in cell shape or chain formation could 
he detected between those cultures that lacked protease 
production f BG2036(pBS42)]. overproduced neutral pro- 
lease' fBG2()36(pNPR10)]. or overproduced subtilisin 
|BG2()36(pS4)|. 

DISCUSSION 

Several features of the sequence of the neutral protease 
i:enc'are of interest. The initiation codon is a GTG. which 
appears to be a common initiation codon in B. subtilis (29). 
It is preceded by a potential Shine-Dalgarno sequence 
AAAGGGGGAT. which could form a stable interaction with 
the 3' end of 16S'rRNA. with a AG of -21.6 kcai (ca. 
-90.44 kJ). This is similar to Shine-Dalgarno regions seen 
for other genes from gram-positive' organisms (26. 29. 30). 
Immediately following the end of the coding sequence is a 
potential hairpin structure, with a stem of 11 bp. a loop of 4 
bp. and a potential AG of -19.6 kcal (ca. -82.07 kJ). This 
is again similar to structures seen following other genes in 
gram-positive organism's and which are presumed to be 
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FIG. 6. Assay for protease activity on milk plates. Bacterial cells 
were patched on milk plates and incubated for 16 h at 37°C. The 
presence of a clearing zone indicates protease activity. The colonies 
depicted are as follows: 1. BG84(pBS42); 2. BGK4(pNPR10): i. 
BGIft: 4. BG203.V 5. BG2043: 6. BG2054. 



terminators: however, functional evidence for any such role 

The deduced amino acid sequence of the mature portion of 
the neutral protease matches the published amino acid 
sequence in 146 of 171 reported residues (21). The reason for 
the relatively large number of mismatches is unclear: how- 
ever, the amino acid sequence was of an enzyme isolated 
from a strain of 5. suhtilis used for commercial production 
(NRRLB3411). In the past, many commercial strains were 
designated B. subtilis. when they were actually other species 
of Bacillus. It is possible that the reported protein sequence 
is for the neutral protease of another organism related to B. 
suhtilis. The most interesting feature of the neutral protease 
sequence is that there appear to be 222 amino acids preced- 
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p6S"*2 vector 

PIG. 5. Construction of a plasmid carrvine the neutral protease gene. Plasmid pBS42 was digested with BamHl and treated with bacterial 
alkaline phosphatase. The 1.900-bp li K IU fragment of pNPRsubRl. containing the amino-iermimil portion of the neutral protease gene, was 
Mauled into the BamHl site of pBS42 and transformed into strain MM 294. and transformants were selected on LB-chloramphenicol plates. 
.\ plasmid with the fly/ll fragment in the indicated orientation was isolated and designated pNPRsubBl. pNPRsubBl was digested with 
/:V»RI. repaired to flush ends with the Klenow fragment of f'ol\. and digested with tfmdlll. The 1.400-bp FvtiU-Hm^U fragment ot 
pNPRsubHl. containing the carboxvl portion of the neutral protease gene, was ligated to the pNPRsubBl fragment and translormed into B. 
\iihtilis BG84. and transformants were selected on skim milk-chloramphenicol plates. Plasmids from colonies that cleared a large halo were 
analvzed and shown to have the indicated structure. 
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FIG. 7. In vitro transcription-translation of pNPRlO. Lanes I 
through 3 show the in vitro transcription-translation products of 
three isolates of pNPRlO, lane 4 shows the products of p.-\T153 
(provided with the kit), and lane 5 shows the products of pBS42. An 
arrow indicates the position of a protein unique to pNPRlO. The 
positions of the stained molecular mass markers are indicated: their 
sizes, from the top of the figure, are 92.5. 66.2. 43. 31. and 21 
kilodaltons. 

ing the reported amino terminus of the mature enzyme found 
in culture supernatant. Presumably the first 30 of these 
amino acids represent a signal sequence like that found for 
other secreted proteins (18). These amino acids appear to be 
a typical signal sequence, with charged amino acids (Lys-X 
Lys-6, Arg- 10), followed by a hydrophic core (Ala-12 through 
Leu-22). and a small side-chain amino acid at the cleavage 
point (Ala-27 or Ala-28). The additional 190 amino acids 
presumably represent a pro sequence, such as found for the 
alkaline protease genes of B. subtilis and B. amyloliquifaci- 
ens (42. 46). The pro sequences of the alkaline proteases are 
much shorter, only about 70 amino acids. However the pro 
sequences of both types of protease contain a large number 
of charged residues. The functional role of these pro se- 
quences is uncertain, as is the mechanism of cleavage to the 
mature form of the enzyme. These cloned genes should 
facilitate mutational analysis of these pro sequences to 
. elucidate their function. 

This study strongly suggests that the proteases of B. 
subtilis do not have roles in either sporulation or the 
regulation of cell morphology. We are unable to correlate 
our findings with a. previous report that the presence or 
absence of proteases could have an effect on cell morphol- 
ogy (17). Our work suggests that the only phenotypic effect 
of the deletion of the protease genes. is the loss of protease 
activity. We would therefore suggest that these enzymes 
have a role only as. scavengers.. There does exist one other 
reported protease in B. subtilis (37): however, it has only a 
very limited proteolysis ability and is not detectable in an 
assay of proteolysis, such as the azocoll and milk plate 
methods used in this study. 

A. number of groups have recently reported the expression 
and secretion of heterologous gene products in B. subtilis (9. 
31-33). Two of these reports have suggested that the pres- 
ence of extracellular proteases limits the accumulation of 
these heterologous products due to degradation (31. 32). 
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These defined protease deletions should be valuable in 
determining whether such degradation is really a factor and 
potentially should eliminate the problem. 
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L2 QUE LI 



FILE 'BIOSIS, AGRICOLA, BIOBUSINESS, PROMT, CIN, DRUGMONOG2 , CEN, 
DRUGLAUNCH, EMBASE, NIOSHTIC ENTERED AT 13:4 6:18 ON 10 MAR 2001 



L3 60705 S LI 

L4 2626 S L3 AND ALKAL? 

L5 422 S L4 AND BACILLUS? 

L6 52 S L5 AND MUTANT? 

L7 1 S L6 AND PB92? 



■*•* + ****** + ■*• + + STN Columbus + + + + + 



FILE .'HOME' ENTERED AT 13:45:30 ON 10 MAR 2001 
=> file registry. 

COST IN U.S. DOLLARS SINCE FILE TOTAL 

... ENTRY SESSION 

FULL ESTIMATED COST 0.15 0.15 

FILE 'REGISTRY' ENTERED AT 13:45:39 ON 10 MAR 2001 

USE IS SUBJECT TO THE TERMS OF YOUR STN CUSTOMER AGREEMENT. 

PLEASE SEE "HELP ' USAGETERMS " FOR DETAILS. 

COPYRIGHT (C)'200r American Chemical Society (ACS) 

STRUCTURE FILE . UPDATES : 9 MAR 2001 HIGHEST RN 326591-66-6 

DICTIONARY FILE UPDATES: 9 MAR 2001 HIGHEST RN 326591-66-6 

TSCA INFORMATION NOW CURRENT THROUGH July 8, 2000 

. Please note that search-term pricing does apply when 
conducting SmartSELECT searches. 

Structure search limits have been increased. See HELP SLIMIT 
for details. 
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DR 9001-93-8, 9012-23-1, 9040-76-0, 125498-72-8, 125752-86-5, 123779-18-0, 
124041-97-0, 120038-39-3, 120038-40-6, 105913-13-1, 118901-82-9, 
144906-30-9/ 14 34 04-30-2, 143404-41-5, 116267-38-0, 117278-03-2, 
117698-27-8, 118390-80-0 •• 

MF Unspecified 

CI' COM, MAN 

LC STN Files:' AGRICOLA, ANABSTR, BIOBUSINESS, BIOSIS, BIOTECHNO, CA, 

.CAPLUS, CASREACT, CBNB, CEN, CH EMC ATS , CHEMINFORMRX, CHEMLIST, CIM, 
• CSCHEM, CSNB, DDFU, DIOGENES, DRUGU, EMBASE, IFICDB, IFIPAT, IFIUDB, 
IPA, MSDS-OHS, NAPRALERT, NIOSHTIC, PIRA, PLASPEC*, PROMT, RTECS* , 
TOXLINE, TOXLIT, TULSA, US PAT FULL, VTB 

(*File contains numerically searchable property data) 
Other Sources: EINECS**, TSCA** 

(**Enter CHEMLIST File for up-to-date regulatory information) 

*** STRUCTURE DIAGRAM IS NOT AVAILABLE 

29268 REFERENCES IN FILE CA (1967 TO DATE) 

363 REFERENCES TO NON-SPECIFIC DERIVATIVES IN FILE CA 
29291 REFERENCES IN FILE CAPLUS (1967 TO DATE) 



=> index bioscience 

-F-ILE - '-DRUGMONOG-!—- ACCESS— NOT .AUTHORIZED 

COST IN U.S. DOLLARS SINCE FILE TOTAL 



INDEX ' ADISALERTS, ADISINSIGHT, AGRICOLA, ANABSTR, AQUASCI, BIOBUSINESS, 

BIOCOMMERCE, BIOSIS, BIOTECHABS, BIOTECHDS, BIOTECHNO, CABA, CANCERLIT, 
CAPLUS, CEABA-VTB, CEN,.CIN, CONFSCI, CROPB, CROPU, DDFB, DDFU, DGENE, 
DRUGB,- DRUGLAUNCH, DRUGMONOG2, DRUGNL, ENTERED AT 13:45:57 ON 10 

MAR 2001 

59 FILES IN THE FILE LIST IN STNINDEX 

Enter SET DETAIL' ON to see search term postings or to view- 
search error messages- that display as 0 + with SET DETAIL OFF. 
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10 FILES HAVE ONE OR MORE ANSWERS , 59 FILES SEARCHED IN STNINDEX 
L2 QUE LI- 



=> file hit 

COST IN U.S. DOLLARS 

FULL ESTIMATED COST 

FILE 'BIOSIS' ENTERED AT 13:46:18 ON 10 MAR 2001 
COPYRIGHT (C) .2001 BIOSIS (R) 

FILE ' AGRICOLA' ENTER.ED AT 13:46:18 ON 10 MAR 2001 

FILE 'BIOBUSINESS' ENTERED AT 13:46:18 ON 10 MAR 2001 
COPYRIGHT (C) '2001 Biological Abstracts, Inc. (BIOSIS) 

FILE 'PROMT' ENTERED AT 13:4 6:18 ON 10 MAR 2001 
COPYRIGHT (C) .2001 Gale Group. All rights reserved. 



SINCE FILE TOTAL 
ENTRY SESSION 
0.45 6.21 



FILE 'CIN-' ENTERED AT 13:46:18 ON 10 MAR 2001 

USE IS SUBJECT TO THE TERMS OF YOUR STN CUSTOMER AGREEMENT. 



PB92 f rom r Bacai r fas":»alcaI;©philus : - Functional and 

structural consequences of mutation at the -S4 substrate binding pocket.; 

Medical Descriptors: 

*enzyme modification 

*enzyme structure 

amino acid substitution 

article 

bacillus . * 

controlled study 

crystal structure 

enzyme activity 
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enzyme substrate complex 
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nonhuman 
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X ray diffraction 
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proteinase • 

serine 

serine proteinase: EC, endogenous compound 

tryptophan 

valine 

. 70-47-3, 7006-34-0; (glycine) 56-40-6, 6000-43-7, 6000-44-8; 

(leucine) 61-90-5,. 7005-03-0; (methionine) 59-51-8, 63-68-3, 7005-18-7; 

(phenylalanine) 3617-44-5, 63-91-2; (proline) 147-85-3, 7005-20-1; 

(proteinase)' 9001-92-7; (serine) 56-45-1, 6898-95-9; (serine 
proteinase) 37259-58-8; (tryptophan) 6912-86-3, 73-22-3; (valine) 
7004-03-7, 72-18-4 
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FILE 'REGISTRY' ENTERED AT 13:45:39 ON 10 MAR 2001 
LI IS PROTEASE/CN 

INDEX ' ADISALERTS, ADISINSIGHT, AGRICOLA, ANABSTR, AQUASCI, BIOBUSINESS, 
BIOCOMMERCE, BIOSIS, BIOTECHABS , BIOTECHDS , BIOTECHNO, CABA, CANCERLIT, 
CAPLUS, CEABA-VTB, CEN, CIN, CONFSCI, CROPB, CROPU, DDFB, DDFU, DGENE, 
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FILE ' BIOSIS, AGRICOLA, BIOBUSINESS, PROMT, CIN, DRUGMONOG2, CEN, 
DRUGLAUNCH, EMBASE, NIOSHTIC ENTERED AT 13:4 6:18 ON 10 MAR 2001 



L3 60705 S LI 

L4 2 62 6 S L3 AND ALKAL? 

L5 422 S L4 AND BACILLUS? 

L6 52 S L5 AND MUTANT? 

L7 1 S L6 AND PB92? 



INDEX 'CAOLD, CAPLUS, CROPU, DGENE, DPCI, ENCOMPPAT, ENCOMPPAT2, 
EUROPATFULL, IFIPAT, INPADOC, JAPIO, PAPERCHEM2 , PATDD, PATDPA, PATOSDE, 
PATOSEP, PATOSWO, PCTFULL, PIRA, RAPRA, SYNTHLINE, TULSA, TULSA2, 
USPATFULL, WPIDS, WPINDEX' ENTERED AT 13:49:35 ON 10 MAR 2001 
SEA PROTEAS? 
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L8 QUE PROTEAS? 



FILE 'CAPLUS, DGENE, USPATFULL, PCTFULL, WPIDS, EUROPATFULL, INPADOC, 
IFIPAT, JAPIO, DPCI, PATOSWO, PATOSEP, PATDPA, CAOLD, CROPU, PATOSDE, 
PATDD, PAPERCHEM2, SYNTHLINE, ENCOMPPAT, ENCOMPPAT2, RAPRA, PIRA, TULSA, 
TULSA2 ' ENTERED AT 13:49:54 ON 10 MAR 2001 



L9 182354 S L8 

L10 33576 S L9 AND ALKAL? 

Lll 9977 S L10 AND BACILLUS? 

L12 5879 S Lll AND MUTA? 

L13 336 S L12 AND PB92? 

L14 329 DUP REM L13 (7 DUPLICATES REMOVED) 

L15 11 S L14 AND PY<=1990 



=> index patent 



FILE ' PAPERCHEM ' ACCESS NOT AUTHORIZED 
COST IN U.S. DOLLARS 



SINCE FILE 
ENTRY 
16.50 



TOTAL 
SESSION 
22 . 71 



FULL ESTIMATED COST 



INDEX 'CAOLD, CAPLUS, CROPU, DGENE, DPCI, ENCOMPPAT, ENCOMPPAT2 , EUROPATFULL, 
IFIPAT, INPADOC, JAPIO, PAPERCHEM2, PATDD, PATDPA, PATOSDE, PATOSEP, 
PATOSWO, PCTFULL, PIRA, RAPRA, SYNTHLINE, TULSA, TULSA2, USPATFULL, 
WPIDS, WPINDEX' ENTERED AT 13:49:35 ON 10 MAR 2001 

26 FILES IN THE FILE LIST IN STNINDEX 

Enter SET DETAIL ON to see search term postings or to view 
search error messages that display as 0* with SET DETAIL OFF. 
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26 FILES HAVE ONE OR MORE ANSWERS, 26 FILES SEARCHED IN STNINDEX 
L8 QUE PROTEAS? 
=> file hit 

COST IN U.S. DOLLARS SINCE FILE TOTAL 



FULL ESTIMATED COST 



ENTRY 
0.45 



SESSION 
23. 16 



FILE 'CAPLUS' ENTERED AT 13:49:54 ON 10 MAR 2001 

USE IS SUBJECT TO THE TERMS OF YOUR STN CUSTOMER AGREEMENT. 

PLEASE SEE "HELP USAGETERMS" FOR DETAILS. 



COPYRIGHT (C) 2001 AMERICAN CHEMICAL SOCIETY (ACS) 



FILE ' DGENE ' ENTERED AT 13:49:54 ON 10 MAR 2001 
COPYRIGHT (C) 2001 DERWENT INFORMATION LTD 

FILE ' USPATFULL ' ENTERED AT 13:49:54 ON 10 MAR 2001 

CA INDEXING COPYRIGHT (C) 2001 AMERICAN CHEMICAL SOCIETY (ACS) 

FILE ' PCTFULL ' ENTERED AT 13:49:54 ON 10 MAR 2001 
COPYRIGHT (C) 2001 MicroPatent 

FILE 'WPIDS' ENTERED AT 13:49:54 ON 10 MAR 2001 
COPYRIGHT (C) 2001 DERWENT INFORMATION LTD 

FILE 'WPINDEX' ACCESS NOT AUTHORIZED 

FILE 'EUROPATFULL' ENTERED AT 13:49:54 ON 10 MAR 2001 
COPYRIGHT (c) 2001 WILA Verlag Muenchen (WILA) 

FILE 'INPADOC ENTERED AT 13:4 9:54 ON 10 MAR 2001 
COPYRIGHT (C) 2001 European Patent Office, Vienna (EPO) 

FILE 'IFIPAT' ENTERED AT 13:49:54 ON 10 MAR 2001 
COPYRIGHT (C) 2001 IFI CLAIMS (R) Patent Services (IFI) 

FILE 'JAPIO' ENTERED AT 13:49:54 ON 10 MAR 2001 
COPYRIGHT (C) 2001 Japanese Patent Office (JPO) 

FILE 'DPCI' ENTERED AT 13:49:54 ON 10 MAR 2001 
COPYRIGHT (C) 2001 DERWENT INFORMATION LTD 

FILE 'PATOSWO' ENTERED AT 13:49:54 ON 10 MAR 2001 
COPYRIGHT (c) 2001 WILA Verlag Muenchen (WILA) 

FILE 'PATOSEP' ENTERED AT 13:49:54 ON 10 MAR 2001 
COPYRIGHT (c) 2001 WILA Verlag Muenchen (WILA) 

FILE 'PATDPA' ENTERED AT 13:49:54 ON 10 MAR 2001 

COPYRIGHT (c) 2001 Deutsches Patent- und Markenamt / FIZ Karlsruhe (DPMA/FIZ 
KA) 

FILE 'CAOLD' ENTERED AT 13:49:54 ON 10 MAR 2001 

USE IS SUBJECT TO THE TERMS OF YOUR STN CUSTOMER AGREEMENT. 

PLEASE SEE "HELP USAGETERMS" FOR DETAILS. 

COPYRIGHT (C) 2001 AMERICAN CHEMICAL SOCIETY (ACS) 
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CAS INDEXING IS AVAILABLE FOR THIS PATENT. 

AB New proteolytic enzymes are provided exhibiting improved properties for 

application in detergents, especially laundry detergents. These enzymes 
are obtained by expression of a gene encoding a proteolytic enzyme 
having an amino acid sequence which differs at least in one amino acid 
from the wild type enzyme. Preferred enzymes are certain mutants 
derived from the serine protease of Bacillus nov. 
spec. PB92. 
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enzymes are provided exhibiting improved 
properties for application in detergents, especially laundry detergents, 
These enzymes are obtained by expression of a gene encoding a 
proteolytic enzyme having an amino acid sequence which differs at least 
in one amino acid from the wild type enzyme. Preferred enzymes are 
certain mutants derived from the serine protease of 
Bacillus nov. spec. 
PB92 . 

De nouvelles enzymes proteolytiques presentent des proprietes 
ameliorees pouvant etre appliquees dans des detergents, notamment dans 



des detergents lessiviels. On obtient ces enzymes par l'expression d'u 
gene codant une enzyme proteolytique dont la sequence d' amino acides 
differe au moins dans un amino acide, de 1' enzyme de type sauvage. Les 
enzymes preferees sont certains mutants derives de la 
protease de serine 

de Bacillus nov. spec. PB92. 
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provided 

for enhanced production of serine protease. Plasmid constructs 
comprising the serine protease gene are introduced into a 
compatible 

host, generally a Bacillus already overproducing serine 
protease . 

Preferred host cells are those from Bacillus novo sp . 
PB92 and the 

preferred serine protease gene also originates from 
Bacillus PB92. 

Integration and maintenance of the plasmid in the host cell chromosome 
can be achieved by including a temperature sensitive origin of 
replication in the plasmid construct and growing under selective 
conditions. Les nouveaux procedes et les nouvelles souches industrielles 
de Bacillus decrits servent a la production accrue de serine 
protease . 

Des composes de plasmide comprenant le gene de serine protease 
sont 

introduits dans une cellule hote compatible, generalement constituee par 

un Bacillus, etant deja a l'origine d'une surproduction de 

serine 

protease. Les cellules hotes preferees sont constituees par des 
cellules 

provenant de l'espece PB92 de Bacillus novo et le 
gene prefere de serine 

protease provient egalement de l'espece PB92 de 
Bacillus. L ' integration 

et la conservation du plasmide dans le chromosome de la cellule hote 
peuvent etre obtenues par inclusion d'une source thermosensible de 
replication dans le compose a base de plasmide et par culture dans des 
conditions selectives. 
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ABEN Transformed prokaryotic hosts are provided comprising two or more 

copies of a DNA sequence stably maintained in their chromosome, said 
sequence comprising a gene encoding a polypeptide of interest, wherein 
said copies are separated by endogenous chromosomal DNA sequences. 
Methods are also provided for producing said transformed host strains. 
Said transformed host strains are capable of increased production of the 
polypeptide of interest compared to host strains which already produce 
said polypeptide. Preferred host strains are Bacillus novo 
species PB92 

which produces a high-alkaline proteolytic enzyme and 
Bacillus 

lichenif ormis T5 which produce a thermostable alpha-amylase, and 
mutants 

and variants of said strains. Preferred polypeptide encoding genes are 
the protease encoding gene originating from Bacillus 
PB92 and the alpha- 
amylase encoding gene originating from Bacillus lichenif ormis 
strain T5. 

Des souches hotes procaryotiques transformees comprennent au moins deux 
copies d'une sequence d'ADN conservees sous forme stable dans leur 
chromosome, ladite sequence comprenant un gene codant un polypeptide 
desire dans lequel lesdites copies sont separees par des sequences d'ADN 
chromosomique endogene. Des procedes sont egalement decrits pour 
produire ses souches hotes transformees. Lesdites souches hotes 
transformees sont capables d'une production accrue du polypeptide desire 
par rapport a des souches hotes qui produisent deja ledit polypeptide. 
Les souches hotes preferees sont constituees par l'espece PB92 
de 

Bacillus novo qui produit une enzyme proteolytique tres 
alcaline et par 

la souche T5 de Bacillus licheniformis qui produit une 
alpha-amylase ■" ~" 

thermostable, ainsi que par des organismes mutants et variants 
desdites 

souches. Les genes preferes codant un polypeptide sont constitues par le 
gene de codage de protease provenant de l'espece PB92 
de Bacillus et par 

le gene de codage d ' alpha-amylase provenant de la souche T5 de 
Bacillus 

licheniformis . 
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sequence comprising a gene encoding a polypeptide of interest, wherein 
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Methods are also provided for producing said transformed host strains. 
Said transformed host strains are capable of increased production of 
the polypeptide of interest compared to host strains which already 
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